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ABSTRACT

There are two branch points found in the mass How from lisht to heavy ele-
ments in various inhomogeneous big bang scenarios. Since the Cin.)"C governs
one of these branch points. its reaction rate may be an important ingredient for
network caleulations needed to predict cosmic abundances. Therefore. becanse of
the experimental impossibility of studyving the C{n.s)!°C veaction. the astrophysi-
cally important reaction Cln.s )" cross section was investigated by measuring the
transfer reaction VC(d.p1'™C to bound states and to states above the (' neutron
emission threshold. The bound states give information on direct contributions to
B CL and the unbound states levels give the resonant contributions.

The angular distribution of the differential cross section of PCld.p)'™C transfoer
reaction was compared to that from the distorted wave Born approximation (DWBA)
calculations results in order to determine the angular momentum transfers through
which the reaction is proceeding. It seems that. from this comparison. the dominant
angular momentum transfer is L = 2 transfer.

Any contribution of L = 0 transfer to the reaction vield would have an unob-
servable effect on the observed yield. This is due to two factors. one being the poor
experimental resolution. and the other being the intrinsic dominance of the reaction

vield by L = 2 transfer. as shown by the DWBA results. Therefore. the potential
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contribution of any state populated by zero angular momentum (L = 0) transfer
is indeterminate. This is unfortunate. The aim of the experiment was to identify
states in '""C' below and just above the neutron threshold with the hope of deter-
mining the nonresonant and resonant cfoss section components of the V' Cin.s '
reaction. Excited states potentially populated by L = 0 transfer. through which
resonant scattering could occur. would be expected to dominate the astrophysical
reaction rate for O (u3)1°C reaction. However, we were unable to identify any such

stales.
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CHAPTER 1

Big Bang Nucleosynthesis

1.1 Introduction

Over the past few decades big bang nucleosynthesis has emerged as one of the corner-
stones [Malaney and Mathe ws(1993)] of the big bang. joining the Hubble expansion
and the cosmic microwave background radiation. Big bang nucleosynthesis probes
the Universe to the earliest times. from a fraction of a second to hundreds of seconds.

The big bang nucleosynthesis story begins with Gamow and his collaborators.
who viewed the early Universe as a nuclear furnace that could “cook the periodic
table™ [Aragh(1996)]. In 1943 they proposed that all of the elements in the periodic
table could be produced in the big bang. It was soon realized. according to the
standard big bang scenario. that the lack of stable nuclei of mass 5 and 38 prevent
significant nucleosynthesis bevond "Li.

The standard model of primordial nucleosynthesis. which describes elemental
abundances resulting from nucleonic freeze-out from the big bang. has been very
successful. It puts strong limitations on the mass of the universe. which is related to

the usual abundance parameter 7. the ratio of the number of barvons to photons in
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the universe. In this standard model only nuclei below mass number 3 are produced
and their abundances are found to produce a qualitative match with the observed
primordial abundances.

[n recent years. models of non-standard big bang scenarios have been discussed
where inhomogeneties between the initial proton and nentron distribution arise fol-
lowing the early quark-gluon phase transition [Malane y and Mathe ws 1993)]. There
are some theoretical indications [Boyd und KNajino( 1939). Malaney and Fowle i 1989).
KNajino and Boyd{1990}] that "Be and "B might be a product of primordial mucle-
osyuthesis. which could he explained in an inhomogencous big hang.

The inhomogeneous big bang involves reaction chains composed of light. neutron-
rich isotopes for the mass region around “Be. This seenario offers the possibility of

bridging the mass 8 gap that [imits isotopic production in the standard big bang.

1.2 Standard Big Bang Nucleosynthesis

The Standard Big Bang Mocdel assumes a homogencous. isotropic expansion from an
initial state of very high temperature. T' ~ 10" GeV'. and density. p ~ 107 Ge\' fm~*
[Malaney and Mathews(1993)]. The present state of the universe is characterized by
four large scale phenomena [Rolfs and Rodney(1938). Kragh(1996). Pagel(1997)]:

l- The Hubble expansion law: The linear relation between distance and velocity of
galaxies can be explained in a natural way by an expanding universe. During the
1920"s and 1930°s. Edwin Hubble discovered that the universe is expanding. with

galaxies moving away from each other at a velocity given by an expression known

£
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as the Hubble expansion law: » = H # r. Here v represents the galaxy’s recessional
velocity. r is its distance away from Earth. and H is a constant of proportionality
called the Hubble constant. The Hubble constant has been recently determined using
42 Type la supernovae as standard candles: it is 70 kilometers per second for every
megaparsec in distance. ki/sec/Mpe (A megaparsee is given by | Mpe =3 10° light-
vears). and also. the results of this study are fully consistent with the existence of a
A\ cosmological constant (vacuum energy ) whose conteibution to the energy density
is around 70% of the critical density which is defined below. That is strongly incon-
sistent with a \ = 0 tlat cosmology [Prrlmutter et al (1999)].

2- The cosmic microwave backgronnd radiation: [n 1961, Penzias and Wilson discov-
ered that the Universe is flled with microwave radiation. coming from all directions.
This is the redshifted remnant of thermal radiation in the Universe when it was
only about 300,000 vears old. and was ar a temperature of about LOUOK. Using the
('OBE (Cosmic Background Explorer) satellite. the speetrum of the radiation was
found to be a perfect black body spectrum. with a temperature of 2.728 + 0.002 K
[Smoot and Scoti(1993)].

3- The ratio for the number of nucleons (barvons) per proton: The barvon number
Ny is a conserved quantum number in the Standard Model. Of the stable particles.
protons and neutrons have Ng=I. while the rest carry zero barvon number. We do
not know of any sizable density of antiprotons or antineutrons in the Universe. so
it seems that the baryvon number density does not vanish. although it is very small

when compared to the number density of photons: Ng/\. =~ 107, This is just a
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parameter which must be set by hand in the Standard Big Bang.

4- The universal abundance by weight of about 25% *He and 75% H: The theory pre-
dicts that most of the matter in the Universe. about 3% by mass. is Hydrogen. and
about 24 7 is Helium. with a trace contribution from the rest. The proportions of
the light elements. such as 'He. D. *He. and “Li can all be explained fairly well by the
nuclear reactions that happened when the Universe was between | and 100 seconds
old. The important point is that the prediction depends critically on the density of
barvons (i.e. neutrons and protons) at the time of the Big Bang Nucleosyuthesis:
that will be discussed in detail below.

To understand why approximately one-quarter of the mass of the Universe is in
the form of helium. let us consider the radiation era. when the expansion of the
Universe was governed by the equivalent mass density of the blackbody radiation.
The time-dependence of the expansion of the Universe was slightly reduced dur-
ing the radiation era. The expansion rate is governed by the Freidmann equation

[Kolb and Turne{1990)].

L (RN 3G\ ke
w=(z) =(5%) = e

where p is the energy density of the Universe. (¢ is the gravitation constant. & is
the curvature constant. and R is the scale factor. This serves to define the density
parameter (! = p/p.. where p. = 3H?*/8=(G. the critical density. The expansion of
the early Universe at large redshifts is very well described by the equations for a
flat Universe. those with A=0 and Q=1. This means that Equation 1.l can be used

with A=0. In the radiation era. however. the mass density p must be replaced by the
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equivalent mass density of the cosmic backgronnd radiation. p.qs. Then. Equation

.l becomes

R\® 8=G '
E = 3 Prad (1'3}
Since the energy density of blackbody radiation is aT'. where « is the radiation
constant. Equation 1.2 is
a‘:l’ SW(:HT‘ aa -
E=\ 32 (1.3)
Because f?/ R= f'/T. Equation 1.3 can be rewritten as
dT Srliay '?
F=—( _;(_-‘ ) dh (l.“

Equation 1.1 can be integrated with 77 = a¢ at t =0 to give the temperature at time

t during the radiation era as

3¢¢ !
S it -
' = (;_"’.'[':rt) § (1.5)

The epoch of the nucleosynthesis is very well discussed in [Yung of al(1931).
Boesgaard and Steigman(1985). Kolb and Turner{1990). Walker et al.(1991). Sunth
et al.(1993)]. At a temperature just below 10" K (# >~ 107%s). the universe con-
tained a mixture of photons (4). electron-positron pairs. neutrinos (v) and their
antiparticles. Electrons and neutrinos are kept in the thermal equilibrium by the

neutral current weak interaction as
et+e v+ (1.6)

(where t=e. p.7....}. There were also a smaller number of protons and neutrons.

about five for every 10'° photons [Burles et al.(1999)]. that were kept in equilibrium

o
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via the reactions

nepte +0 (1.7)
i + oy

n+e¢" =S p+r (1.8}

:I_I_a- i n -L-‘l.f. {!‘t].l

These constant transformations were easily accomplished because of the small mass-
energy difference between the proton and the neutron. (m, — m,jc? = 1.293 Me\.

The ratio of free neutrons to free protons assumes its equilibrium value.

)
n (=1l
-= u';;[———————

~ ~ | 1.10
» kT | l !

hecause the mass difference between the protons and the neutrons is negligible at
such a high temperature.

As the Universe expanded and the temperature decreased. the number density
ratio followed the Equation 1.10 as long as reactions (1.7). (1.8). and (1.9) were
maintained fast enough to reach the equilibrium. However. detailed calculations
show that when the temperature fell to about 10" K. the time for these reactions
exceeded the expansion time. At a temperature just above 10'Y K. the reaction
rates significantly decreased. for two reasons. The expansion had reduced the energy
density of the neutrinos until they were unable to participate in reactions (1.7)-
(1.9). Also. shortly thereafter. the characteristic thermal energy of the photons.
kT. fell below the 1.022 MeV threshold for creating electron-positron pairs via the
pair-production process

+~ =+ e +€t (L.11)
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As a result. the electrons and positrons annihilated each other without being re-
placed. leaving only a small remainder of excess electrons. For these. reasons. the
neutrons could not be replenished as fast as they were destroved. The creation of
new nentrons could not keep up with the rate of expansion of the universe. The
ratio of the number densities then was frozen at its value of n/p = 0.223 when the
temperature is equal to about 10K

At this point. there were 223 nentrons for every 1000 protons, and essentially
no more neutrons were heing created. The beta decay reactions. the forward one
i Equation 1.7, continued 1o convert pentrous into protons with a mean-life of

N80, seconds '.' roumanoc ef al 2 I. Vas not vet )OSSi HE or Tie profons anc
NN Is [ faf(2000)i. [t v t vet | ble for the prot l

neutrons to combine to form denterium nuclet via
ptne=d+ s (1.12)

since high-energy photons quickly dissociated rhe nuclei at a temperature higher
than [0” K. The neutrons and protons remained separated until the temperature
had dropped from 10'¥ K to 107 KX,

At a temperature below 10 K (¢ > 107s). there was no longer a sufficient density
of high-energy photons to photadissociate the deuteron. so the neutrons and protons
reacdily combined to form as many deuterium nuclei as possible. Then. a number
of reactions led to the formation of the tightly bound nucleus. 'He. involved in Big

Bang nucleosynthesis. The efficient reactions leading ‘He are as follows [Boyd( 1999)]:

p+n—=d+y

-
1
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d+p—='He+~ d+n—="H+-

He+n—="*He+=~ *H+p—*He++
YHe +d — "He +p M +d = He +n
The relative abundances of different nuclei are fixed by nuclear statistical equi-

librium. with the mass fraction of nuclear species A [KNolb and Turne 1 1990)].

. l=1}

Ny x (AT Mxen) 2 r_.r""'l:.rp( B.y/kT) (1.1:3)

where £, 15 the binding energy. My is the nucleon rest-mass. and n is the barvon-
to-photon ratio.

Figure 1.1 shows the evolution of the light element abundances with decreasing
temperature. At 77 = | Me\ the neatron-to-photon ratio freezes-out. For 17 >0.6
MeV. the 'He abundance has its nuclear statistical equilibrinm (NSE) values, A\t T =
0.6 MeV. the *He. "H. and "He curves cross. and 'He is forced to leave its NSE curve
and plod along with *H and 'He curves. This is because 'He is so tightly bound.
At this temperature *He(n.)'He and *H(p.5)'He which keep '"He in equilibrium
with *He and *H are not fast enough to maintain the NSE abundance. Since the
‘He abundance falls off its NSE path. the reverse reactions slow down relative to
those in the forward direction. so a short-lived but effective *He and *H bottleneck
[(Smith et al.(1993)] prevents 'He from dominating all the abundances immediately.

At T = 0.2 MeV. ?He and *H leave their NSE track since d(n.+ )*H and d(p.5)*He.
which keep them in equilibrium with d. slow down. The *He. *H. and *He abundances
starts to follow along the deuterium NSE curve since the [ormation of deuterium (a

minor deuterium bottleneck) limits these abundances. *He(n.p)’H keeps *He in

3
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equilibrium with *H until T=0.8 MeV. At T=0.07 MeV'. the deuterium abundance
falls out of NSE.

As the last of the light elements departs from its NSE track. nearly all the avail-
able neutrons are quickly processed into the most tightly bound of the light nuclei.
"He [Walker e al.(19901)]. and *He production peaks. The mass fraction of 'He pro-
duced is thus X, = 2(n/p)/(1+n/p) = 0.25. Collisions of «l. *[[. and *He on the now
abundant 'He begin producing "Li. "Li. and "Be. and now these heavier nuclides.
and d. 'l and *He are in quasi-static equilibrium {Smith ot al(1993)]. Rilley and
[evine [Riley and [reine(1991)] and Smith et al. [Smith et al.(1993)] determined that
12 reactions. shown in Figure 1.2, are primarily important in the production of the
big bang nucleosynthesis. Unlike NSE. in gqnasi-static equilibriun. reactions have no
longer equal magnitudes in both forward and reverse directions. however. the total
forward processing rate of all reactions is still essentially the same in magnitude as
the total reverse processing rate. The number abundance of each nuclear species ¢

evolves through the rate equation [Esmailzadeh et al.(1991)]

Iy, _ e
=T <k > =T Y, <ij > (L.14)
Ad J

where < kI > is the reaction rate for creating /. and < ¢j > is the reaction rate
for destroying i{. The condition of quasi-static equilibrium gives the temperature-

dependent solution

N = i<kl >)/(OY, <if>). (L.13)
k. i

10
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[f the reaction rates for destroyving and creating ¢ are fast relative to the expansion
rate. this condition is maintained. Until the abundance {reezes out. the reactions
keeping quasi-static equilibrium slow down as the temperature decreases.

The results of Standard Big Bang Nucleosynthesis are determined by the matrer
density. nuclear matrix elements. and the expansion rate. The matter density enters
only through the ratio of barvons to photons 1. Since the present temperature of the
cosmic backgronnd radiation s known. 5 and the barvonic mass-density parameter

Og are directly related [Steigman ot al (1999)].

Qph® = 3.675 < [U_"ilr/f.?”\-l:‘r“”

I

3.667 < 107 0 (1.16)

where h is defined by the present Hubble parameter H, (= h «100 km <7 'NMpe™') T
is the present microwave background temperature. and gy is the barvon-ro-photon
ratio in units of 10", The abundances of individual nuclei depend on 5 in the fol-
lowing way [ Thielemann et al.(1991). Rauscher et ol (1994)]. A high barvon density
(i.e. large ) gives rise to a large number of capture reactions on o and *He. and
consequently leaves less d and *He. but increases the 'He. The behavior of the "Li
abundance is more complex. At low densities “Li is produced via *H(a.~)"Li. but
is destroved at higher densities by "Li(p.a)*'He. However. increasing densities lead
also to a larger production of "Be via *He(a. <) Be. which is preserved during the
hig bang nucleosynthesis period and subsequently decays to “Li. This leads to pre-

dicted minimum in the "Li abundance for 2< n9 <. as seen in Figure 1.3. Figure

1.3 shows the predicted abundances for *He (mass fraction Y,). deuterium D. *He.

[2
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and "Li versus the barvon-to-photon ratio 5. as well as the observed abundances.
The boxes indicate observationally acceptable regions for 7). Because of the experi-
mental uncertainties. standard big bang nucleosynthesis predictions are represented
by bands on the abundance versus 5 plot. determined by performing Monte (‘arlo
analysis [Nrauss and Romanelli( 1990). Smith et al. (1993). Burles ef al.i 1999)].

In addition to the p-dependency [Thiclemann et al (1991)]. the abundances re-
sulting from big bang nucleosynthesis are also dependent upon the number of existing
neutrinos species and the neutron half-life. In the standard model the nentron-to-
proton ratio n/p. resulting from weak decoupling. is always smaller than | since
the proton mass is smaller than neutron mass. If it is assumed that all neatrons
combine with available protons to prodnee '*He. then the *He mass fraction can be
given N, = 2N, = 2n/(n = p) = 2n/p)/t1 = (n/p1). This makes the helinm mass
fraction X', a function of the neutron-to-proton ratio n/p at the time of big bang
nucleosyuthiesis after freeze-out. Inereasing the number of neutrino species has an
effect equivalent to that of a faster expansion. This leads to an earlier weak decou-
pling. and thus a higher n/p ratio and a higher 'He abundance. From reaction (1.7).

a longer neutron half-life could result in a similar effect.

1.3 Inhomogeneous Big Bang Nucleosynthesis

A great deal of attention has been given to the possibility that barvons might be
distributed inhomogeneously at the time of BBN. being highly concentrated in rel-

atively isolated regions [Applegate et al.(1937). Alcock et al.(1957). Malaney and

4
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Mathews(1993)]. Such inhomogenity could arise if the transition from the quark-
gluon plasma to hadronic matter. which should take place at a time of around
10~ "sec. is a strongly first-order phase transition and occurs at a relatively low
temperature of less than around 130 MeV [Copi(1995)]. [n the homogeneous Big
Bang Model. neutrons can diffuse easily through the primordial plasma. and the
different diffusion lengths for nentrons and protons could lead to the formation of
the high-barvon-density proton-rich regions and low-barvon-density neutron-rich re-
gions [Applegute ef al (1957)]. Before the freeze-out from weak reaction equilibrinm
( T =~ 1| MeV). there is no segregation between neutrons and protous since the
barvons only diffuse efficiently during the fraction of the time thev spend as neutrons
[Sub and Mathe ws(1998)]. After weak equilibrium freeze-out protons and neutrons
ditfuse independently [Malaney and Mathews(1993)].

Over the last a few decades the focus has been an understanding the evolution of
the light-clement abundances from the big bang to the present in order to test the

BBN predictions for the primeval abundances.

1.3.1 Light Element Production

The primordial abundances of light elements in such inhomogeneous big bang nucle-
osynthesis models could be quite different from those homogenecous big bang nucle-
osvnthesis. An inhomogeneity of this kind introduces new parameters. the density
ratio /2 between high and low density regions. the mean separation between nu-

cleation sites. the relative volume filling factor f. of high density zones. and the
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total barvon density Qg (or 1) as in the standard model [Mathews et al.(1990).
Malaney and Fowler{ 1983},

Once the temperature has dropped below the photodissociation threshold for deu-
tevium ( '~ 100 ke\') [Malaney and Mathews(1993)] the epoch of nucleosynthesis
can begin. However. because of neutron diffusion. the conditions for nucleosyvnthesis
will involve regions of varving n/p ratio.

[n the high-baryon-density proton-rich regions. using the expression for the 'He
abundance X, = 2(n/p)/(1+n/p). a smaller He-abundance along with heavier ele-
ments than those in the standard model is expected because of the neutron ditfu-
sion and smaller (n/p) ratios. Because of the high barvon density. significant light
and intermediate-mass destruction oceurs [Najino and Boyd(1990)] resulting in the
‘Il and *He underabundances [Thiclemann o ol (1991)]. Figure La [Malaney and
Fowle {1933)] shows the nucleosynthesis of the light isotopes in the proton-rich re-
gion. plotted as a function of time.

In the low-baryvon-density neutron-rich regions. all available protons can be cap-
tured to form deuterium and subsequently *He [Malancy and Mathews(1993)]. As a
consequence of the small initial (p/n) ratio. nucleosynthesis becomes effective after
protons are formed by neutron decay. and this can lead to a local increase of deu-
tertum and *He abundances in the neutron-rich regions. Also. relatively more *He is
formed. due to the nucleosynthesis at lower densities [ Thielemann et al.(1991)]. The

"Li abundance is also high in these regions [Malaney and Mathews(1993)]. Figure

16
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+.b [Malaney and Fouwle{1983)] shows the nucleosynthesis of the light isotopes in
the neutron-rich region plotted as a function of time.

The two regions affect the primordial abundances in ditferent ways { Thielemann
et al(1991)]. "Li is always overabundant by a factor of 10 - 100 compared to its
abundance in the standard big bang. Back-diffusion of neutrons from the neutron-
rich regions after neutron exhaustion in the high density regions was found to be able
to recuce this overproduction via “Be(n. p) Li(p. o) He [Malane y and Fowlo r{ ISR)].

The standard model with only one free parameter. 5. which provided a fair
fit to the *H. *He. 'He. and "Li primordial abundances. was replaced by a model
which has at least 1 parameters (R, f..{ and Qg). Even though the inhomoge-
neous big bang models did not simplify the topic of primordial nueleosynthesis
[Rauscher of al (1991)]. if the quark-hadron transition is a trst order phase transi-
tion. density inhomogeneities will undoubtedly oceur. Since theoretical estimates of
the parameters at the time of the phase transition are very nneertain. a large parame-
ter space had to be allowed for with constraints provided by the required fit to the pri-
mordial abundances [ Mathews et al.(1990). Mathews et al.(1996). Orito et all.(1997)].
The model might predict relatively high primordial *Be abundance [Boyd and Ka-
Jino(1989). Malaney and Foiler(1989). Kajino und Boyd(1990)]. The detection of
primordial Be as well as higher-mass isotopes would put limits on the inhomogeneity

of the big bang and if observed. could indicate deviations from the standard model.
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1.3.2 Heavy Element Production

The most fascinating aspect of the inhomogeneous scenarios is that there appears
for the first time an open window to form nuclei beyond mass A= in the neutron-
rich regions. The main reaction chain which leads to the production of the 7L is
"H(n. ) H(nes ) H (don)*He(t.5 ) Li. and the sequence starting with neatron capture
on “Li. "Li(n.5)®Li(e.n)"' B (n.2)"B(37) " C(n.3)Ciney ) YC(L..) produces carbon
[Malaney and Fowler{1983). Applegate et al.(1988a). Applegate(1983b). Kajino and
Boyd(1990). Kajino et al (1990). Malaney and Mathews(1993). Boyd(1999)]. An al-
ternate branching is "Li(a.~) 'B [Huu.-'r'hr roet al (199-0)]. Additional reactions such
as Littan”Bett.an) ' B3 Li(n~ )?Li (7)Y Be. SLitel.p)’Li. *Litel.n)?Be. and “Litd.t ) Li
might also become important [Boyd and RKajino(1989). Kujino and Boyd(1990).
Brune ot al (1991). Balbes et al.(1993). Balbes et al.(1995)]. [f the neutron-rich nuclei
“Li. "Be. and “*B are produced. further (o.n) reactions. "Lita.n) B, " Be{a.n)VC.
and “"B(a.n)'"N. can become important. These rates have been investigated with
statistical model methods [Rauscher et ul’.(l!]ﬂ-l)]. At three positions (“Li. Be.
and ''B). proton-induced reactions wonld prevent the buildup of heavier nuclei in a
standard big bang scenario and lead to the destruction of heavy nuclei instead via
"Li(p.a)'He. 7Be(p.a)®Li. or ''"B(p.2a)'He [Rauscher et al.(1991)]. There are consid-
erable associated uncertainties. because many of these reactions on stable targets in
this region of the nuclear chart are not well determined [Malaney and Fowler{1939).

Fowler{1993)].

19
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Once " has been produced. there are possible pathways to heavier nuclei that
can occur [Applegate et al.(1983a). Applegate(1983b)]. starting from *'C: Y('(a.~
BO(n.5)M0(47) UF(1n.7)"F(.37)*Ne(n.7)*' Ne (n.7 ) Ne. ete. However. it has been
demonstrated [ Wiescher el al.(1990). KNajino et al.(1938a)] that the (p.5) and (n.+)
reactions on ''(" are of greater importance for the build-up of heavy elements. Once
past the oxyvgen isotopes. the reactions are dominated by nentron captures and beta
decays.

The neutron captures are fairly slow until nuclet with mass number A=60 are pro-
duced. but become rapid alterwards because of large neutron capture cross sections
of heavier nuclei. potentially leading to an r-process [Applegate of al.( 193%a). Apple -
gute(1933b)]. A\ nuclens captures neatrons and beta decays until it fissions. Once
fission has occeurred. both daughter nuclei capture neutrons until they grow to the
point of fission. Now four nuclei can capture neutrons and grow. Once they fission.
eight nuciei exist. then sixteen. This runaway fission cyeling is limited by the neutron
supply. which is primarily determined by Qg. and by the time required to make a cv-
cle. which is determined by how far the nucleosynthesis path is located from the valley
of stability [Applegate(1938b). Rauscher et al.(1994)]. [Applegate et al.(1983a)] and
[Applegate(1988b)] used neutron capture cross sections and fission cvele times esti-
mated for the r-process and found that. while the number of fission cyvcles was quite
uncertain. observable. and possibly even excessive. levels of r-process enrichment
were possible. [Rauscher et al.(1994)] computed the synthesis of heavy elements in

neutron-rich environments fully self-consistently with the changing neutron density

20

Reproduced with permission of the copvriaht owner. Further reproduction prohibited without permission.



using a detailed reaction network. and found that the production of heavy elements

Is very sensitive to baryvon density.

1.3.3 Motivation

"C(n.y )P C and subsequent neutron capture process on neutrou-rich carbon, nitro-
gen. and oxygen isotopes may bypass the long-lived "'(" and may trigger a primordial
r-process [Najino and Boyd{1990}]. This is i contrast to the result of [Applogate ¢!
al.(1983a)] and {Malaney and Foiwle o 1938)]. where "'C'(a.3)"0 plavs the major role
in heavy-element production.

Two critical branch points are found in this subsequent neutron caprure pro-
cess [Boyd( 1999)]. First. there are two possible reactions which follow "'C{n.y )¢
reaction as

L (0 TE L o i LS
or

HC(n.7)PC(n.y)'eC
[f'°C beta decays to '’ N. it will quickiy be returned to '*C by the reaction "N (p.a)'*C.
[f '5C captures a neutron to make (. it can move on to heavier nuclei. and then
the second sequence is possible as follows

15(-(n~_; )m('(j‘)“i_\'(n_-;. }l’.‘N
There two possible reactions which foilows '"N{n.}'®N reaction as

l'..\'[n.‘} )ISN(j—}IsO

or
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Y Nin.%)"®N(n.y )N

[N beta decays to '*0. it will quickly be returned to '*N by the reaction "“O(p.a)'*N.
which as mentioned above will he returned to C. quickly terminating the progres-
sion to heavier nuclei by that nucleus. [f 'SN captures a neutron to make "N, it can
move on to heavier nuclei.

Since the PC(n.5)'"C reaction governs vne of these branch points in the mass
flow from light to heavy elements in various inhomogencous big bang scenarios. its
reaction rate may be an tmportant ingredient for network caleulations needed 1o
predict cosmie abundances. In this study. it was therefore proposed 1o investigate
the astrophysically important reaction VClnas )" cross section. Studies of reac-
tions of inmiportance to primordial nucleosyuthesis often require nentron captures on
shortlived nuclides. usually an experimental impossibility [Boyd(1999)]. One must
therefore utilize other experimeiital approaches to determine the cross section of in-
terest. In this context. it was proposed to study the cross section of V('(n.+)"(" by
measuring the transfer reaction C'(d.p)'®C' to bound states and to states above the
threshold. The bound states give information on direct contributions to *('(n.4)'"C

reaction. and the unbound levels give the resonant contributions.
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1.4 Calculation of the Reaction Rates for Neutron Capture
Reactions

Calculation of capture reaction rates are very well discussed in [Rolfs and Rodne y{ 1983).
Wieschor el al.(1990). Mohr ef al (1993). Rauscher of al (1990, Herndl el al (1995).
Herndl et al.(1999)]. The cross section for neutron capture processes is dominated
by nonresonant direct capture process and by contributions from resonances which
corresporl to neutron unbound states in the compound nuclens. For caleulating
the different reaction contributions. the nonresonant contributions are determined
by using a direct capture model. and the resonant contributions are based on de-
termining the resonant Breit-Wigner cross section.  For determining the neatron
capture cross sections on the s-unstable nuelei. the input parameters for the calenla-
tions are taken from experimental data. If there are no experimental data available.
theoretical values mainly obtained [rom the shelli model are used.

The total reaction rate can be given as
A {rn-}m = Na{ov)g+ Ni(oe) g (117}

where, .V, (o¢)y is the resonant contribution term. and N, (ot) gz is the nonreso-
nant contribution term. Here. {ov) is the reaction rate per particle pair that can be
detined for a temperature T [Rolfs and Rodney(1933)] by

3 1/2 x )
: 3 1 2 ; :
i‘a't) = (;‘-) (_A-T_)‘;E/a(E)E erp (—ﬁ) dE (1.18)

Q

where pt is the reduced mass of the interacting particles. £ is the centre of mass

energy.
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1.4.1 Resonant Reaction Rate

The cross section of a single level resonance in neutron capture process is deseribed

\h
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-
(e
A
-
-

da {Rolfs and Rodus 3{ 1938}

_ah? (2] +1) Ual'y
TO2uE (20 + (2, + 1) (E = Eg)* +1(T/2)?

ar( E) (1.1

where, ./ is the angular momentum of the resonant state. Jp and J, are the spins
of the target nucleus and the neutron projectile. respectively. Eg is the resonance
energy. [, and [, are the partial width of the entrance and exit channels. respec-
tively. and 1" is the total width which is the sum of the partial widths of all open
decay channels. The neutron partial width I, can be given [Wieseher of al (1990).
Herndl et al.(1995)] by

Vo = €78 % Ty (1.20)

where § is the single particle spectroscopic factor. (7 is the isospin Clebsch-Gordon
coefficient. and [, is the single particle width of the resonance state.
The thermal average of o (Equation 1.18) over a narrow resonance gives a re-

action rate of the form [Rolfs and Rodney( 1983)]

27w \ Er
Y =  — [ —— .2
o) (,ukT) L ””"’( kT) t=h)

where 5 is the resonance strength which is given as

L (2441 LI
TR+ )R+ T

(1.22)
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when a nuclear reactions has several narrow resonances their contributions to (o)

are Sulnll'l(f(.i:
Iz #i2 3 ER
X - 28 o o o
(o) (H"JT) X deerp (- 1) (1.23)

The resonance strength has to be determined experimentally by low energy neuntron

capture measurements or has to be derived from the calculated partial widths.

1.4.2 Nonresonant Reaction Rates

The nonresonant part of the neatron capture cross section can be ealeulated using the

direct capture model [Nim ¢! al.(197), Mohr of al.(1993)]. The total eross section

Do

7y i is determined by the divect capture transitions 7 to all bound stares with the

single particle spectroscopic factors (€728); in the final nucleus

avi = Y _((U8), al (1.24)

D

The direct capture cross sections o2¢ are determined by the overlap of the scattered
wave function in the entrance channel, the bound state wave function in the exit
channel. and multiple transition operator.

[f the Q value of the neutron capture reaction energy is much higher than the neu-
tron energy. the cross section for s-wave neutron capture follows a 1 /v law. that is the

reaction rate is constant over the entire temperature range. (or) = ov = constant
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[Fouwler(1967). Rolfs and Rodney(1938). Wiescher et al.(1990)]. Therefore. the s-
wave contribution to the direct capture reaction rate can be obtained from the ther-
mal cross section. oy,.

Nalar), = Vi x oney, (1.25)

]

The cross section for p-wave neutron capture contributions is proportional to the
relative velocity r. therefore. the reaction rate proportional to the temperature as
follows [Fowle1967). Wiescher et al.(1990). Fowle o{ 1975)]

. 108 « 0% A (F) . i :
'\_I,‘(o-;-)ﬂ = L li':”! Iy em’ mole™" 571 (1.26)

The total nonresonant reaction can be parametrized as a function of Ty [Hernd!

et al(1999)]
Ni{aeyyy = WV + BT, - (rf) e mole™" 57! (1.27)

The first and second terms are for the s- and p-wave contributions. and the third
one is the d-wave contributions.

[n order to calculate the single particle amplitude in both resonant and nonres-
onant neutron capture cross sections. the spectroscopic factors have to be known.
These can be obtained experimentally from single particle transfer reaction studies.
So. the spectroscopic factors necessary for A(n.7)B reaction can be extracted [rom

A(d.p)B reaction. the theory for which is explained in the next chapter.
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CHAPTER 2

The (d.p) Stripping Reaction

2.1 Introduction

Direct nuclear reactions are very important in the the study of of nuclear strneture.
These take place in the time the projectile takes to traverse the target nucleus (typ-
ically around 107%s) [Cohen(1971)]. [n these processes the projectile may interact
with a nucleon. a group of nucleons or the whole nucleus and an emission takes
place immediately. The simplest direct reaction is elastic scattering. which leaves
the target in its ground state. In non-elastic reactions. the states of the residual nu-
clei which are excited have a simple structural relationship with the ground stare of
the target. [nelastic scattering predominantly excites collective states. one-nucleon
transfer reactions tend to excite single-particle states. and multinucleon transfer
reactions tend to excite cluster states. Measurement of the absolute cross-section
for exciting each of these states. and of the angular distributions of the emitted
particles. allows the study of the structure of these states. The direct reactions
are very well discussed in [Butler{1957). Enge(1966). Austern(1970). Satchler{1933).

Glendenning(1933). Satchler(1990)]. This chapter concentrates on the (d.p) reaction.

-') T
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2.2 Nucleon Transfer Reaction: The (d,p) Stripping Reac-
tion

A direet nneleon trandfor reaction i a reaction in which one or more nueleons are
transferred from the projectile to the target (stripping reactions) or from the rarget
to the projectile { pick-up reactions). One of the one-nncleon transfer reactions is the
(d.p) reaction which is essentially the transfer of a neutron from the projectile to the
target to an unfilled single particle state of the target nucleus. The same formalism
and methods of analysis are applicable to other one-nuclvon transfer reactions and
in particular to the (d.n) reaction.

Historically. the (d.p) reaction was the first of these reactions to he studied in
detail. and it showed their value for studies of nuclear structure [Oppenheimer and
Phillips(1933)]. The angular distributions of the protons from (d.p) reactions were
soon found to be either forward or backward-peaked suggesting a direct process
[Satchler(1933)]. The observation of a forward peak in reactions at high energies
on light nuclei led Serber (1947) to suggest a very simple model of the reaction in
which the neutron is captured by the target. leaving the proton to go on alone. The
emitted proton momentum k, is the sum of its translational momentum as part of
the incident deuteron and its momentum within the deuteron. The angular spread
of the outgoing protons is thus an indication of the momentum distribution of the

proton inside the deuteron before the neutron was removed.
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Figure 2.1: Deuteron stripping at high and low energy. giving angular distributions
of the outgoing protons that are peaked in the forward and backward directions.

In the case of (d.p) reactions at low energies on heavy nuclei. the outgoing protons
are backward-peaked. and this has a simple physical explanation. Deunterons with
large impact parameters travel along Couiomb orbits that never get close enough to
the target nucleus for a nuclear interaction to take place. Ouly those deuterons that
make nearly head-on collisions get close enough and then. after the neutron has been
captured, the proton is repelled back in the direction from which it came.

These two simple models of deuteron stripping are shown in Figure 2.1.

The (d.p) reaction is a powerful tool for the study of nuclear structure. allowing
the identification the single-neutron strength in a nucleus. In a (d.p) reaction. the

neutron is captured into a vacant single-particle state while the proton goes on alone.
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Figure 2.2: [n a (cup) reaction. the nentron is captured into an unoccupied sin-
gle-particle state of the target nuelens,

as shown schematically in Figure 2.2, The energy of the outgoing proton gives the
energy of the excited state of the residual nueleus. The angular distribution and the
polarization of the proton give the spin and the parity of the state. and the absolute
magnitude of the cross-section allows measurement of the spectroscopie factor. the
single-particle occupation probability of the state in which the neutron is captured.
The analysis of (d.p) reaction data showed that the angular distributions of the
outgoing protons can be divided into a few distinct classes. depending on the angle
at which the cross-section has its maximum value. The kinematics of the reaction
suggest that these classes correspond to reactions that transfer different amounts of

orbital angular momenta L = 0. 1. 2A. ... to the target nucleus as shown in Figure
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2.3.a. Let us suppose the energies of the incident deuteron and outgoing proton
are large enough to allow neglect of the effect of the Coulomb interaction on hoth
the incident deuteron and the outgoing proton. The incident denteron has linear
momentum k. the captured neutron carries to the nuclens a momentum k,, and the
proton is left with momentum k,. The absolute value of the angular momentum
carried by the neutron into the nuclens is given by hik, b where b ranges from zero
to the radivs R of the nucleus. Thus. the maximum transferred momentum is Ak, /.
On the other hand the nentron is captured on an orbital of a defined orbital angular
momentum L so that

MR > L (2.1

[ the ease of L = 0. Equation 2.1 is always satistied and thus all angles of emission
are allowed. [However. when the deateron dissociates, the proton wave number k,
is always close to the direction of motion of the deuteron itself because the hinding
energy Eg of the denteron is usually less than its kinetic energy so that the internal
proton momentum (= /mEg) is small with respect to its translational momentum.
Therefore. the angular distribution in this case is peaked in the forward direction
near §. When L is greater than zero. Equation 2.1 cannot be satisfied for the small
angles of scattering corresponding to small values of &,. as shown in Figure 2.3.h.
The angle of emission of the proton must thus increase to the value for which Rk, = L
before the reaction can occur. At this angle. for the same reason that emission was

most likely at zero degrees in the L = 0 case. the angular distribution will show a

31

Reproduced with permission of the copvriaht owner. Further reproduction prohibited without permission.



n

fal

ib)

Figure 2.3: Schematic representation of a (d.p) reaction.

pronoinced maximum. The experimental angular distributions satisfy this expecta-
tion (e.g. as shown in Figure 2.1 [Maceficdd ¢! ol (1963)]). Thus, the shape of the
angnlar distributions allows to determine the £-transfer in the reaction. Many target
nuclei (including all even-Z-even- V" nuclei) have J = 0. and for these the analyvsis
is particularly simple. [f the captured ncutron has orbital angular momentum L.
the total angular momentum of the final nuclear state in a (d.p) reaction. target +
nucleon. is J = L + 1/2. so that J = L £ 1/2. Thus knowledge of L gives two
possible values of /. This ambiguity may be resolved by measuring the polarization
of the outgoing proton. which is of opposite sign in the two cases. Furthermore. the
]L

product of the parities of the initial and final states is (-)“. so if that of the initial

state is known. that of the final state follows from knowledge of L.
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Figure 2.4: Angular distribution of the intense proton groups from the Se™®(d.p)Se’".
E; = 7.8 MeV [Macefield {1963)].
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2.3 The Theory of the Deuteron Stripping Reaction

The cross-section of non-elastic reactions may be calculated by expressing the to-
tal wavetunction as a sum ot the wavetunctions in all the reaction channels. with
coefficients that depend on the structures of the corresponding nuclear states. [f
this is inserted into the Schrddinger equation for the whole system. it gives a set of
coupled equations for the wavefunctions in all the channels and these may be solved
in principle if the interaction potential known.

The theory of the deuteron stripping reaction is described here in a very schematic
way to bring out the most important features. If the coupling between the initial
and the final channel is weak. the cross-section is given in terms of the square of the
matrix element of the perturbing interaction potential. and differential cross-section

for the transition from the initial state 7 to the final state f [(lendennmg(1933)] is

do mgrn kg S,
—] =t . 2 90
(fm)”, (27h°) 2k, [<SIvIi>| (2:2)

where < f | V' | ¢ > is the matrix element. my and m, are. the reduced masses.
and ks and k, are the wave numbers of the final and initial channels. respectively.
Speaking of spin angular momentum. the cross section is an average of the preceding
one over the initial angular momentum projections of ./; and .Jr. and a sum over the

final states as follows

do l

—_— Z t!_O' —)-!
dQ T (2Ji+ D)2 + 1) L) (23)
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Figure 2.5: Schematic diagram of the (d.p) stripping reaction [Segre( 1963)].

Schematically the initial and hnal states ol the reaction may be represented by

the diagram in Figure 2.5 [Segire(1965)]. So. the total Hamiltonian is

H=Tg+Tpm+\pn+bur+Vyr=Tar+ Tar+ VitV + Yy (2.1

[Enge(1966). Glendennimg(1983), Koonin and Mukerjee(1990)]. where Ty is the rel-
ative kinetic energy of the deuteron and target. and so on. The initial and final state

Hamiltonians are

Hi=Tg+ T+ Vpu + Vir (=

I
it

and
Hy=Tp+ Tar + Vur + Vi (2.6)

where the | "s are optical potentials. Thus the perturbing Hamiltonian can be written

in two ways. called the prior and post forms [Enge(1966). Edwards et al.(1973)]:
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H o= H—H = Vir+Vyr=Vir (2.7)

prior
and
Hpw=H—-Hy=V+\Vir—p (2.8)

E1

The post form is used in (d.p) stripping calcnlations because

1;[' = 1;,;2 1240
so that
H o =i (2.10)

Therefore the matrix element in Equation 2.2 can be written in the form

< QpW,(k,) | Vo | Watky) @ 0 > 2.11)

where. W (k;) and W ,(k,) are the wavefunctions describing the motion of the incident
deuteron and outgoing proton. respectively. ®,; is the internal wavefunction of the
deuteron. and ®7 and g are the wavelunctions of the target and residual nuclei.
respectively.

The wave function g can be expanded in terms of the wavefunctions of the
target ®7 and of the captured neutron ®,(.J. L). For reactions on 0% targets. the

neutron may be captured only into a state of definite ./ and L and

Cr =0 brd.(J. L) (2.12)
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where @ is a spectroscopic amplitude [Austern(1970)]. Integrating over the target

coordinates gives the matrix element in the form
<flIV]i>=0y <W,®, [V, |d0,;> (2.13)

and the cross section from Equation 2.2 is

do g by,

—i= Sy FaEL0) (2.0
; » - -

dQ (2xh)hy

[Glendenning( 1983)]. where m, and my are the proton and the deuteron mass, respec-

- - ¥ . . - -

tively. and Ny = 03, is the spectroscopic factor. The spectroscopic factor measires

the extent to which the state populated by a (d.p) reaction resembles a neutron in a

single particle orbit coupled to the target nuclens. The function £ (E.#) contains

the energy and angular variation of the ditferential cross-section and is given by
FylEmy =j< Wb, |V, | @0, > (2.15)

This function can be evaluated numerically using deuteron and proton wavefunctions
calculated from the corresponding optical potentials. and the nentron wavelunctions
obtained from the shell model. [t is a six-dimensional integral over the coordinates
of the neutron and proton and it may be simplified to a good approximation by

expressing the product V,,®; as a delta function.
Vonll rp = ra N®(| 7y = ra ) = Vod(rp = ra) (2.16)

This reduces it to a three-dimensional integral. The angular integrations can be

done analytically leaving a single radial integral to be done numerically. The value of
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the constant 1 is determined by analysing some stripping reactions to states known
to have a pure single-particle structure. The theory takes account of the distortion
of the incident and outgoing waves, so is called the distorted wave theory. The
Equation 2.13 enables the theory to be tested by comparison with experimental data.
If the transferred L-value is not known. the cross-sections are caleulated for several
assumed values. and it is usually found that one fits much better than the others.
thus determining L. Normalizing the calculated cross-section to the experimental

cross-section then gives the spectroscopic factor Nyp.
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CHAPTER 3

Distorted-Wave Born Approximation Code:
DWUCK4

3.1 Introduction

Direct nuclear reactions are caused by an interaction that induces a transition he-
tween two channels. In each channel the relative motion is described by an optical
potential. which escribes the average field experienced by the coliiding nuclei. In
this chapter. an approximation of the transition amplitude that corresponds to this
interpretation is discussedl. The approximate transition amplitude. involving as it
does the distortion {from plane waves} of the wave function of relative motion in
incident and outgoing channels. is known as distorted-wave Born approximation
(DWBA) amplitude. which is the most useful in direct nuclear reaction theory and
the interpretation of experimental data.

The DWBA calculations were performed using an extended version (DWUCK)

of the code DWUCK by INunz (1979). and it is described in its manual as follows.
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3.2 General Description of DWUCK

The computer program DWUCK calculates the scattering differential cross section
within the DWBA. The incoming and outgoing waves may be in any combination
of upin N q{ﬁn |_f"'_’_ aor -'pin | pm'ﬁr-la-q The -r.!'ﬁn r|f‘[u\l|t|¢'nl narts of the nl\li:‘:t]
potentials for distorted waves are diagonal in the total and orbital angular momentum
[Glendenning(1983). Satehle { L983)]. The calculations are performed in a zero range
form between the coordinates of the incoming and outgoing waves. Particle transfer
reactions can be treated with this program using a local energy approximation to
correct for hinite range effects,

The DWBA computer code DWTUCK ealenlates a transition amplitude for the

reaction A(a.b)B of the form [.vl ustern( 1970). Glendonningt 1983 )]
= .;j ,f,-;j dro 7 (kpoe ) (OBIV @A)\ (k.. r,) (3.1)

where. ky and k; are the relative momenta. 7 and \[ are the distorted waves in the
final and initial channels. respectively. r, and r; are the relative coordinates for the
systems (a.\) and (b.B) respectively and .J is the Jacobian of the transformation
from R and p to r; and ry coordinates. as indicated in Figure 3.1. The quantity
<bB | V' | a:l > is the form factor for the reaction and contains a delta function
(the zero range approximation) for the coordinates r; and ry. The distorted wave
\; describes asymptotically a plane wave of momentum 4 plus an outgoing (+)

(or incoming (-)) wave which in the case of no Coulomb potential has the form
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b
Figure 3.1: Coordinate relations for a transfer reaction of o+ nucleons. The channel

coordinates r, and ry connect the CAMs of A and a. and B awd b, respectively, whereas
R and p connecr the CM'sof A and o and b and 2. respectively. [Glendenning( 1983)]

[Glende nning( 1983) ]

3
f

Vik.r) — T 4+ f 1) (3.2)

r
where f(#) is the scattering amplitude. The tinal state distorted wave, which has

an incoming scattered wave. is related to the solution with outgoing waves by time

veversal [Austern(1970). Glendenning(1983)]
\Vlk.r) = \Fi-k.r) (3.3)

When the particles @ and b have spin. the functions \* become matrices in spin

space \=,,. The relevant time reversal condition is

\;l‘.—m(k'r) = (_]m_m'\jm‘.m(_k'r] (“”
The distorted waves \ mm(k.r) can be written as

e
\E,.(k.r) = %Zi‘r‘\/b[-{—l\_u,,(k.r](L.r:-l[m|.f.1[’)
JL
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(Ls M'—=mt ms|SMYYM =" (0) db o, (3.5)

The d&  are the rotation finctions for integer spin [Edmonds (1971)]. The radial
@I b [

part of the distorted waves satisfies the equation.

r! fa F @ 1 B )
'; - o u - %’T:t(‘(r} + 0 irm + 0 Ls) | \yrslk.r) = 0 13.6)
ur= | e ]

where {7 1s a central potential with real and imaginary parts. {7 is a Coulomb poten-
tial for a nniform charge distribution of radius £7.. and {7, is a spin orbit potential.
The radial functions \p.(k. r) satisfy the boundary conditions y yz,(k.0) = 0 at the

origin, and
HE (hkr) — yf HE (k)| e

]

vuitkor) —

(3.71)
for large r. Here H7(kr) = (7 = F, is the vntgoing and incoming wave Coulomb
function. nf is the reflection coefficient. and a is the Coulomb phase shift. The
functions \ 41, are computed by nunterically integraring the ditferential equations to
a value of r. The y ¢ are then matched to the Coulomb functions (7 and Fy at the
last two integration points to determine 77 and the overall normalization constants.

The factor < 68 | V7 | .\ >. which contains the nuclear structure information.
is expressed as [Austern([970)]

(Jg Mg ssmp|V]S3 My sam,) = Z Bis, (Jag My Mg — M,|.IgMp)

{2y
(Sa8 mry my — mpfs,m,)

(ls m m, — my|j Mg — My)

. A v L
fiss(r:)8(ry — Sri) Ly (3.8)
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where Y;™ is a spherical harmonic. The quantity By, is a measure of the strength of

the interaction and is equal to \/{ 25+ 11/2s, + 1Ay, where Ay, is the spectroscopic

coefficient nsed in DWUCKL  The function fi,, is the radial form factor for the

eaction. In this equation above. the angular momenta must satisfy

=Jg —J,. s =5, — 3.
With the delinitions of < 68 | V7 | @4 > and the distorted waves \Z, (Ar). the

transition ampliticde can be written as

- . n l i nrrﬂ " .
f”"”"‘m"' 2 = : T z v+ ] H;” -.';’ o My My — M |;H ”H! i (3.9)
by, 2.
where the angle dependent amplitude 5 can be written as
(3,100

rm MLy, MERLg Ty, IThg=1tr =1y,
& ; A !) i
[ETH A :

i

where P/*7"7™ is an associated Legendre polynomial. The amplitude 3 is given

by

I = Y (L, Omigldum)
Syl dym
(Lysy i, — m — my | Sy, — m) (Soj mey —mom|J,m,)

(2Ly + 1) { Lyl 0012,0) /25, + 1)(2) + D(2Js + 1)2L, + 1)

Ly sy Sy
bo& § 3l g b (3.11)
ba #5 s

[n the above expression the usual nine—j symbol. { } [Edmonds (1971)]. appears

43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission



The radial integrals are defined as

y B a A _
‘!i'.fi..i;,fa = ~—13-/ rfr.:\J_,Lb{R'f. Eri} Fasl#3) \IAL‘H',-.J',} (3.12)

where (7 1s the mass of the form factor core.

The differential cross section for the A(a.b)B reaction is defined in terms of T by

J_U — Hopls i{. L ! Z I'!'-U1-”;;“”-:"%[-‘
df) (b k2 + 128, + 1 VA

L S, N T
72+ | Eboy ey 25, + |

_-‘:"_“_,"" AL YUY
Z ZV‘JT 1';f-‘i' {4}

Ly iy ;EJ !

,HHI..,I!IH

(3.13)

¥
| -

where E, and £y are the center of mass energies for the entrance and exit channels
respectively.

The program DW UCK computes the cross sections with the appropriate normal-
ization. The normalizations result from rhe zero range approximation. <o depend on
the specific type of reaction. The cross section predicted by DWUCK for a (d.p)

reaction is

dopiv(0) _ 1 L kg L0 x 10Y
dQ T Ar EEpk 2s, + 1

> RoVRAFL S (3.14)

MaMym | {s;

in units of fm?/ster (1fm? = 10mb = 107**em?). Therefore the cross section is

n’ﬂh"({)) < '.2.)'8 + 1 l |B.':u|2 dﬂ‘if;{l‘w)

= 3.15
df2 20410 2+ 11L0x 100 d92 ki)
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CHAPTER 4

Experimental Procedure

This experiment was carried out in inverse kinematics at the projectile fragmentation
type radioactive beam facility of the National Superconducting C'velotron Laboratory
(NSCL) at the Michigan State University (MSU), The NSCL s a national user
facility devoted primarily to basic rescarch in nuclear science as well as accelerator
and instrumental research and development. With the K1200 and K300 evelotrons.,
experiments with beams proton to Uranium and energies of 20 to 200 Me\ per
nucleon are possible [VSCL(1999)al. In addition. the A1200 beam analysis device
for the IN1200 cyclotron is able to measure and define precisely the beam energy.
and thereby produce separated radioactive beams which can be transported to any
experimental device. A layout of the facility. showing the position for the S300

spectrometer. which is used for this study. is given in Figure 1.1.

4.1 Beam and Target

A secondary beam of "C was produced in the A1200 fragment separator (Figure

4.2) at the NSCL using a primary beam of '*O at 55 Me\ per nucleon incident on
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K1200 Cydotron \Mq{m L Univ of Rochester Superball 5800 Spectrograph

Figure L1: Floor plan of the NSCL showing the beam distribution svstem to allow
experiments with the K1200 and K300 [NSCL1999)b].

a YBe production target with thickness 190 mg/em?. A thick polvethylene wedge
(200 mg/cm?) was used at the second dispersive image of the N1200. This wedge
was able to degrade rhe secondary beam energy 10 20 Me\ per nneleon and allow
the strong '"N contaminant to be removed from the secondary heam by using the
extended focal plane slit of the A1200. The computer code INTENSITY predicted.
by the MSU group. a secondary beam intensity of 10" particles per second with
93% purity for a primary beam current of 55 pnA with this target and wedge. The
resulting secondary beam of '*C' was transported to the S300 spectrometer where
the experiment was performed.

Multiwire proportional counters were used to measure the energy and trajectory
of each incoming ’C. The secondary beam was then focussed onto (D, target of

thickness 1.94 mg/cm?®. The S800 spectrometer (Figure 1.3) was used to measure
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the energy of the (' ejectiles. and an array of position sensitive proton detectors
was used to detect the protons. It is necessary to detect the protons in order to

reconstruct the scattering angle in the centre of mass.

4.2 The A1200 Radioactive Beam Facility

The secondary radioactive beams can be produced by the A1200 (Figure 1.2) either
by fragmentation-like reactions at high energy or by direct reactions with large cross
sections at lower energies [NSCL{199T)]. The latter mechanism offers the advantage
of limited beam cnergy spread in the secondary beams. .\ degrader wedge can be
inserted at [mage #2to purifv the secondary beams.

The AL1200 deviee immediately follows the K1200 cyvclotron. allowing radioactive

beams to be delivered to all the experimental vaults. as seen in Figure L1

4.3 The K1200 Cyclotron

The K1200 evelotron. which was used for this study. provides the particle beams
for the nuclear science research at the NSCL. The cvclotron can accelerate ions of
any element [NSCL(1999)a]. The beam energy can be selected within the range from
20 MeV /nucleon to 200 MeV /nucleon. The radio frequency (rf) system provides the
accelerating potential: its frequency range. which corresponds to energy per nucleon

mentioned above. is 9 MHz to 26.3 MHz. The magnet provides an azimuthally
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K 1200 Cyclotron

Figure 1.2: A1200 Radioactive Beam Facility of the MSU [NSCL(1997)].
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varving field whose average value at the extraction radius of 1 m is between 3 and
5 Tesla.

The uscful beam intensity ranges from about 10'* particles/second down to ap-
proximately 100 particles/second. The cyelotron usually accelerates single atoms.
but it also works with molecules. e.g. H7 is accelerated to provide protons. The par-
ticles are fed continuously from the electron eyvclotron resonance (ECR) jon source
to the center axis of the cyvelotron and are delivered as a continuous beam from the
accelerator. As they leave the on source. the particles are accelerated by a DC volt-
age of T to 20 kV and are transported to the midplane the cvelotron. They follow
a spiral path inside as they gain energy from the rf svstem, making approximately

700 to 00 turns and traveling about 3 km,

4.4 The ECR Ion Source

The purpose of the electron cyclotron resonance (ECR) ion source is to produce
highly- charged positive ions and send them down a beam pipe to be injected into the
cyvclotron for acceleration. [nan ECR ion source. a plasma of the element of interest
is held in a magnetic bottle that is long enough for element atoms to be ionized in
collisions with electrons. The magnetic bottle is shaped by circular coils at its top
and bottom and hexapole magnet around the sides. three north poles alternating
with three south poles [[VSC'L(2000)]. The transmitters for the microwaves that heat
the electrons run at several times the frequency of a household microwave oven. A

gas of the element enters at the top of the bottle and gradually leaks out as ions at
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Figure 1.3: SS00 Beam Line and Spectrometer at the NSU [Sherrill(1999)].

the bottom. from which point it is sent to the cyvclotron. Metals and the other solid

element can be heated to the gaseous stage in a very tiny oven [NSCL(20001)].

4.5 The S800 Beam Line and Spectrometer

The S800 analysis beam line. from the object to target chamber. and spectrometer
is schematically shown in Figure 4.3. The analysis line is very similar to the A1200
fragment separator [Sherrill et al.(1992)]. but with better resolution and larger solid
angle acceptance. The S300 has a design energy resolution E/AE of 10* for the

entire 20 msr solid angle (Yurkon et al.(1997). Zhang(1997). Sherrill(1999)]. Table
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MAGNET *

Figure -L.4: Schematic of the optical coordinate system before and after a magnet.

L1 summarizes the design goals and physical parameters of the S800 spectrometer
(Zeller of al (1991). Caggiano(19953). Zhang( 1997). Caggrano( 1194)].

The beam line consists of four 22,57 dipoles. tive quadrmpole triplets. four sex-
tupoles and one quadrupole doublet {Sunderson(1995). Zhang(1997)]. The “objeet”™
[Caggiano( 1999)] position is the production target when radivactive heams are trans-
ferred in the analysis line. The intermediate image has a focus in ¢ and y (the
coordinate syvstem is illustrated in Figure L4). and a dispersion of 1.5 em/%. here
% is the unit of the deviation in momentum & = Ap/py. There is also a focus in
r and y at the target position. but the dispersion is very high. about 12 e¢m/%
[Zhang(1997). Caggiano(1999)].

The beam line quadrupole triplets are described in detail in [Zhang{ 1997)]. The
triplets are capable of maximum field gradients of 35 T/m and maximum currents

of 100 Amperes. Each triplet weighs 5 tons.
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Energy resolution. AE/E 1o
Momentum resolution. AP /P Hx107?
Energy range LL.G ‘A
Momentum range 38 Y
Solid angle } 20 msr
Angular resolution | 2 mrad
Vertical dispersion (r/d) 9.5 em /Y
Horizontal dispersion (y/o) | 0.9 mun/mrad
Magnitication (.r/x) 0.7
Focal Plane tilt 28,5
Focal plane size 30 em x 59 em
Maximum dipole field 1.6 Tesla
Maximum rigidity (Bp) LO T-m
Dipole bend angle BN
Dipole bend radius 2.8 m

Table 1.1: Parameters of the S800 Spectrometer

The spectrometer svstem chosen for the S800 is a QQDD contiguration. where
Q and D refer quadrupoles and dipoles. respectively. The parameters of the su-
perconducting spectrometer dipole magnets. DI and D2. are given in Table 1.2
(Zeller et al.(1994). Caggiano(1995). Zhang(1997). Caggiano(1999)]. The bend radii
of the dipoles are 2.8 meters. and their bend angles are 75°. lons are defocused in
the .r direction while focused in the y direction by means of the 30 degree edge angles
on the dipole steel. The dipole power supplies deliver up to 450 Amperes to the coil.
and the maximum central field is 1.6 Tesla. The dipoles weigh 70 Tons each.

Quadrupole magnets are the primary focusing elements in an accelerator beam

line. The design for the high resolution spectrometer at the NSCL required two
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Max. central Held | [.6 Tesla

Max. current [ 150 Amperes
Dipole hend radius 28 m
Dipole bend angle T

Dipole entrance angle | D1z 0 D2: 30
Dipole exit angle Di: -30°: D2: o*
; Weight i) Tons

Table 1.2: Features of the D1 and D2 magnets

Max. field gradient | QL: 19.7 T/m: Q2: 7.5 T/m |
Max. current QL 85 A Q2 100 A
Pole diameter Ql: 21 em: Q2: 12 em

Length of pole tips Ql: 30 em: Q2: 30 cm

Weight 5 Tons

Table -1.3: Features of the QL and Q2 magnets
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quadrupole magnets. Ql and Q2 whose parameters are summarized in Table 1.3
[Zeller et al.(1991). Caggiano(1993). Zhang(1997). Caggiano(1999)]. The desizn of
the quadrupole doublet is described in detail in [Zhang(19971]. The doublet focuses
in the g direction first. then the « direction to maximize the acceptance of the

spectrometer.

4.6 The S800 Focal Plane Detectors

The SS00 spectrometer is a high resolution. wide acceptance magnetic device for
charged particle spectroscopy that requiires high resolution performance from its
focal plane detectors. Features of the S300 spectrometer that are relevant to the de-
sign of the focal plane are summarized in Table L1, The focal plane detector array
for the 800 consists of six detectors as shown in Figure L3 { Yurkon «f al (1997)].
First are two Cathode Readout Drift Counters (("RDC). separated by one meter.
These are immediately followed by an ionization chamber. Behind the ion cham-
ber there 1s a stack of three scintillators. The detector svstem and electronics are
described in detail in [ Yurkon et al.(1994). Yurkon et al.(1996). Yurkon et al{1997).
C'aggiano(1999)].

The positions of the particles in the focal plane are measured in the » and y
directions by means of the two CRD("s. From the positions in the two detectors.
the particle optical angles # and o (as seen in Figure 1.4) in the focal plane are
obtained. The CRDC'’s have an active area of 30 ¢cm x 39 ¢m and an active depth

of 1.5 cm. The particles are dispersed in momentum along the 59 cm direction. that
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Figure 4.5: The S800 focal plane [Yurkon et al.(1997)].
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is along the r direction or in other words radial direction in the dipole magnets.
The principle of the operation of CRD("s is schematicly described in Figure 4.6.
The CRDC is filled with a gas of 110 Torr of 30% CF, and 20% C;H;,. Particles
travel through the sas and create ions. In a clectric field in the counter. the clectrons
produced in the ionization move toward an anode wire. where charge amplification
takes place in the high electric field close to the wire. The anode wire is located
below a grounded Frisch grid and held at a constant voltage. The cathode pads are
placed behind and in the front of the anode wire. The electrons are collected on the
anode wire. and then a positive charge is produced on the cathode pads by being
induced by the charge collected on the anode wire. After each pad is individually
read. a Gaussian fit is performed to the charge distribution. and the centroid is taken
as the dispersive position in the focal plane.

The drift time of the electrons to the anode wire in the CRDCs is measured to
determiine the y position of the particle. thar is. in the transverse direction. Depend-
ing on the distance between the particle that creates the ionization and the anode
wire. the typical drift time of the electrons to the anode wire ranges up to 20 ps. The
time between the anode wire signal and the scintillator signal is measured to obtain
a direct y (transverse) position in the plane. The last response of the scintillator is
advantageous for timing the electron drift to the anode wire in the CRDCs.

The ionization chamber used in the S800 focal plane is a standard Frisch gridded
ion chamber that is segmented into 16 one inch anodes perpendicular to the path of

the ions. The detector gas is 300 Torr of P. which is a mixture of Y0% Argon and
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Figure 4.6: The schematic of the Cathode Readout Drift Counter (CRDC) operation
[Caggiano(1999)].
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L0A Methane (CHy). Energy loss measurement is done in the ionization chamber
for particle identification. lonization chambers operate in a way similar to that of a
CRDC. They have a gas region between two parallel plates with a voltage applied
across them. Charged particles entering the chamber produce ion pairs which drift
towards the electrons. The outpnt signal is proportional to the particle energy
dissipated in the detector: therefore measurement of particle energy is possible.
The scintiflator detectors with 5 em. 10 em. and 20 em thickness are closely
coupled with the ionization chamber and provide energy loss, total energy. and timing
information. The 5 em seintillator that is behind the ionization chamber stopped all
tons from the reactions in this study. and it provided the master gate for the data
acquisition electronics and a total energy measurement for particle identitication.
The general prineiple of scintillation counting depends on interaction of the incident
particle with a suitable Huorescent material. The scintillator is a piece of plastic that
is designed to scintillate when particles strike it. There are light guides mounted on
cach end to collect the light in the photomultiplier tubes. The light collection time
is the order of nanoseconds from the scintillator. The amount of light collected in

the scintillator is a function of the ion’s atomic number. mass. and total energy.

4.7 Proton Detectors

Due to the reaction kinematics. the angle of the residual ""C nuclei cannot be

detected easily. since the maximum scattering angle is about 3° with (' beam

energy about 300 MeV. However. the protons can be detected with a very high
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Figure L.7: Energios of the Ejectile Particles versus the Laboratory Angles

range of angles. (‘ontaminant reactions that can take place on deuterium are e.g.
PH{POCIH)PCL 2HVC SHe) M., ZTHIVC . He)¥B, *H(PCAHIMC, *HIYCPLI)" Be.,
and *H("*C."Li)""Be. In addition. backscattering of the '*C' from CD, target foil can
occur. Figure 1.7 shows the energy of the above listed reactions as a function of the
proton laboratory angle for a *C beam energy of 300 MeV'. While the heavy residual
nuclei of the contaminant reactions are all strongly forward peaked. the light charged

ejectiles cover a considerable angular range.
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Since studies of the kinematics predicted that a detector at back angles would
only see protons. position sensitive Si-detectors mounted at back angles in the target
chamber observed protons in inverse kinematics. as seen in Figure -1.8. This corre-
sponds to forward angles for the protonus in the centre of mass. Each of the disc
shaped detectors. which have thus been called ('D detectors, has 16 rings and sec-
tors. each of the rectangular detectors called strip detectors has 16 3.1 1 mm strips.
Figure -L10 and L1l show the top and the front. looking at rhe beam. views of the

strip detectors. and 1.9 shows the front view of a ('D detector.
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Figure 4.8: Si proton detectors. CD and Strip
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Figure 4.9: Front view of a CD detector. looking into the beam
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Figure 4,10: Top views of the Strip Detectors

Figure 1.11: Front views of the Strip Detectors. looking into the beam
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CHAPTER 5

Data Analysis

5.1 CRDC Calibration

5.1.1 Pulser Calibration

As described in section -1.6. the position. on the focal plane. of the particles going
through the CRDC (Cathode Readout Drift Counter) is determined via the induced
charge distribution generated by ions passing through the chamber. Thus, @ moving
charged particie should induce the same charge on cach pad. and correspond to the
same channel in the QDC (Charge to Digital Converter). However. the combined
effects of this being a statistical process and the electronics associated with each
channel having slightly different calibrations. required that a correction be made
on the CRDC for each pad to give the sanie response to the same charge induced.
This was achieved by depositing identical charges on all the pads simultaneously
with a high precision pulser. and then re-calibrating the observed QDC pulse hight.
The charge deposited by the pulser was increased by a known amount to explore

the linearity of the electronics. It was found that a single linear relationship would
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suffice to ensure a good correlation between all the CRDC channels. Figure 3.1
and Figure 5.2 show that the charge distribution on three pads caused by the two
pulsers before and after the calibration. respectively. Figure 5.3 shows the charge
distribution on all pads produced from one pulse before and after the calibration.

Several methods for determining the position of the track were investigated
[Yurkon ef al.{1994). Bazin(1998)]. The Simple center of gravity of all the pads. the
center of gravity of several pads around the peak. and a Gaussian tit of the charge
distribution were compared. The resolution was improved by litting the charge dis-
tribution on the pads to a gaussian over a limited number of pads. It is thought
that this improvement results becanse this ignores the somewhat random tails of the
distributions. Figure 5.1 shows an induced charge distribution measured on the pads
for a particle through a CRDC.

For the real data. after cach calibrated pad was individually read. a Gaussian fit
was performed to the charge distribution. and the centroid was taken as the position

in the focal plane.

5.1.2 Position Calibration

In order to calibrate the detector positions, masks with defined holes were placed in
front of the CRDC's and illuminated with beam particles. The position calibration
in the dispersive direction did not need to be done since it was well known that the
CRDC cathode pads are separated by 2.54 mm and fixed in position. The optical

center of the detectors is provided by the beam axis hole. The position calibration
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Fignre 5.1: Charge distribution on three pads of CRDC for two pulses before the
calibration.
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Figure 3.2: Charge distribution on three pads of CRDC for two pulses after the
calibration.
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Figure 5.3: Charge distribution on the pads produced from one pulse. before and
after the calibration.
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in the transverse direction is provided by the other holes at several known locations

from the beam axis hole.

5.2 Particle Identification

The product MELE s proportional to Z° M [KNrane(1988)]. where Z is the atomic
number of the particle. MW ois its mass. AL is its energy loss in the thin counter,
and £ is its total enersy. Thus. graphing A against £ should vield a group of
hyperholas corresponding to different values of Z2)/.

Energy loss measurement was done in the ionization chamber in order to identify
(" particles from the reactions. Figure 5.3 shows the result of performing the £ -
£ analysis for particles on the focal plane. Since the Si proton detectors see only
protons backscattered, as mentioned in Chaptee 1 the AE - £ plot is gated by the
detected protons. and then there is only the "™C group is left on the AE - £ plot as
seen in Figure 3.6,

After the first third of the experiment. the ionization chamber ceased working.
The total charge collected on the cathode pads in a CRDC' also depends on the
nuclear species and its energy loss in the detector gas. and thus was used as a
AE x Z* measurement for particle identification. even though charge resolution
was barely sufficient to separate particle groups. However. the same proton gate was

applied on the CRDC to define '°C particles that hit it.
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Figure 5.5: AE - E Particle [dentification spectrum. in Channels

Figure 5.6: 'C' Group on the AE-E spectrum gated with protons

69

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.3 Ray Reconstruction

Nuclear reactions occur in the target chamber and the emerging particles from the
reaction are detected in the focal plane. Clonverting the measurements on the focal
as particle species, scattering angle. and energy. Since the SX00 spectrograph makes
use of the magnetic elements to direct the particles which pass through it. a particle
moving through the magnetic fields can be tracked analytically. as they obey the
Lotentz law F = ¢ (E + v x B). if the magnetic fields of all the magnetic
clements are known.

The coordinate system is shown in Figure L1, The coordinate = defines the
distance along the central path at any point in the motion. The coordinate r defines
the dispersive direction. which is perpendicular to the = axis. The coordinate y
defines the transverse direction. which is perpendicular to the coordinate :. as well.
The particles are bent in the - plane. 0 is the angle in the = dispersive plane. o
is the angle in the y= transverse plane. In Figure 1.1, a particle is assumed to be
emitted from. or passing through. point . y; in the plane z; = 0. After having
traversed the magnetic system. it is detected at position ri. ys in the plane z, = 0.
The direction of the particle before entering and after exiting the magnetic system
is specified by the angles #,. o, and 6,. ©,. For simplicity. it is assumed that the
magnetic system is mechanically symmetric about a plane assumed to be the .z
plane and that the magnetic field is every where perpendicular to the symmetry

plane [Berz et al.(1993). Bazin(1993)].
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The position at the exit is a function of the position and direction at the entrance

and of the momentum [Enge(1979)]. as
.r_,zf(‘rl.ﬂl_o..d'] (5.1)

with similar expressions for y,. #,. and 0., Here. § = Ap/py is the deviation from
the reference momentum py that is the momentum of a particle that passes through
the center of the magnets. py is detined as py = ¢ Bp for the dipole elements, where p
is the central bend radius for the dipoles. B is the dipole magnetic field. and ¢ is the
ionic charge of the particle. It is assumed that the exit coordinate system has been
placed such that a particle with momentum py emitted along the z; axis exits along
the =, axis. Equation 5.1 can be expressed as a Tavlor expression in . 8. yy. 0.

and &, that can be written as [Enge(1979)]
2o (efr ) & (/) + ()18 +
P
+ {.r/.r"}'—rj; + [I/.:'!)}'—r—tﬂt + [.rﬂ)"]ﬂf +
p? p
b () r8) S+ (£]08)0,6 + (£)8%)8° +
p
+ oo (5.2)
where. (r/r) is the first order derivative d.ry/dry. and it is called transfer coefficient.
(x/0) is the first order derivative dr,/d0,. and similarly (r/r*) and (/x#) are the
second order derivatives d°ra/dai and 9%ry/dri. respectively. The factor («r/r) is

the magnification of the system in the r (dispersive) direction. and (.r/d) is the

dispersive which measures the displacement in the r direction at the exit per unit
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change in &. Since there is a symmetry about the median plane in the system. the
terms (&r/y"o™) are zero if n + m is odd.

A simple transfer matrix can be used to find the relation between the exit and the
entrance coordinates [Bers e/ al.(1993}]. Each magnetic element in the S300 has its
own transfer matrix that contains information as to how a particle’s motion changes
as it travels through the magnetic element. Total transformation of the particle
through the entire S300. the sequence of the consecutive magnetic elements. is the
product of the transfer matrices. If the total transformation matrix is known. it can
he inverted to convert the final coordinates ( on the focal plane) to the initial coor-
dinates {on the target). This process of reconstructing the quantities on the target
from the measured quantitios on the focal plane is referred to as ray reconstruction
[Bu:."u{ l!iSJS]].

Four quantities are measured on the focal plane. and they are related to four

quantities on the target by the matrix equation [Bers el al.(1993)]

Iy 0,
=g ¥ (3.3)
Yt 9
Of rf,

where the quantities on the target and focal plane are denoted by subscripts ¢ and f.
respectivelv. and d is the fractional kinetic energy difference from the central rav. that
is d = (E — Ey)/Ey. The matrix inversion procedure is complicated and described

in detail in [Ber: et al.(1993}]. The resultant matrix R is not the true inverse of 5.
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but can be used to get the energy and the scattering angle on the target.

l‘), £
wlopl| ¥ (5.4)
oy s
tf, Oy

1l

1 2] . ¥ I
It .t i??!?l‘f}

g et e s Way el s SRR = I 1. ° 11 ™ . r|un‘; Fr
wWilVel2iohitathix ol Lo sty Wad vntaliied Dy L. Daclll | LS ) | o

nsing the code COSY INFINITY [Bers(1995)]: an inverse matrix for a run is given

in Appendix \.

5.4 The S800 Detection Efficiency

Sinee we are looking for a cross section in this study. it is crucial to understand
the solid angle of the 8300 system. That the SX00 is a complex design makes the
conventional notation of solid angle as simply .\/r* inappropriate,

As mentioned before. the S300 is a high resolution. wide acceptance spectrom-
eter. However in our case. not all of the "C' nuclei would he detected due to the
kinematics of the reaction. Since we are interested in a two-bady reaction. and de-
tecting both proton and '“C. we need to determine. for vach detected proton. the
detection efficiency for its companion '"*C. The detection efficiency for the protons
in a silicon detector is essentially 100 percent.

The SS00 efficiency at detecting particles is primarily a function of laboratory
scattering angle. since the particles would start to hit the entrance apertures of the
5800 system for the large scattering angles. The case is complicated further since

particles that successfully enter the S800 are magnetically analysed by the dipole

3
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magnets. whose magnetic fields involved are strong and significantly non uniform.
This makes the detection efficiency a function of particle energy. as well.

The design of the detector system is such that reaction product protons detected
in the very backward angle CD detectors have corresponding '"C' ions that have
kinematically very small laboratory scattering angles. Consequently. the S800 de-
tection etficiency for these reactions is expected to be almost 100 pereent. However.
for protons detected in the strip detectors. the corresponding '"C' ions have quite
large scattering angles, so the detection efficiencies for these reactions are therefore
substantially lower.

We utilized a program written at the MSU. which used a Monte Carlo simlation
of the entire kinematic process in order to deduce the SR00 detection efficieney, The
Monte Carlo technigue simulates every stage of a single particle’s projection throneh
the apparatus. At each stage of that trajectory. typical kinematic parameters are
chosen. and the resulting particle energy and momentum is caleulated. This process
is then repeated many times. with each particle having a dilferent set of initial
kinematic parameters being chosen. Each time a kinematic parameter is required.
it is chosen from a random distribution which is weighted to. on average. reproduce
the actual distribution.

The code was run. simulating 10% events. for each angle from 0 to 5.30 degrees
with a 0.05 degree increment. An event is recorded if the proton is ejected within

a given angular range and the '*C' successfully make it to the the focal plane. The
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Figure 5.7: 8300 Detection Efficiency versus "C Laboratory \ngle.

$800 detection efficiency was obtained by dividing the number of hits by the number

of events. and is plotted as a function of the angle of *C in Figure 5.

o~
o

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 6

Results and Discussion

After the experiment it was found that the detectors that provided beam particle
tracking did not function during the experiment, This atfected both the energy and
the position resolutions. which. therefore. were not good. Without the beam tracking
information. our best assumption is that there was zero angular divergence of the
beam. i.e, 1t was incident at right-angk‘:-; with the target, and that there was a zero
beam size. However. it is also pussible to correct for these assumptions in beam spot
size and angular divergence: our corrections are discussed in the next seetion of this

chapter.

6.1 Angular Distribution of the Differential Cross Section

Roughly speaking. the cross section is a measure of the relative probability for the
nuclear reaction to occur. [fa detector is placed to record particle b emitted in a
direction (#.0) with respect to the beam direction. then the detector defines a small
solid angle A at the target nucleus. as seen in Figure 6.1. If the current of incident

particles is [, per unit time. and the target shows to the beam n target nuclei per
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Figure 6.1: Reaction geometry showing incident beam. rarget. and outgoing heam

going into solid angle AQ at 0. o.

unit area. and the outgoing particles appears at rate of I, the reaction cross section
(6.1)

is given as
T =—

number of reactions per larget nucle us

or
nurnber of incident particles per unit area

Thus the cross section has dimensions of area.
Equation 6.1 can be rewritten for a section of a detector used in this experiment

3 e
(6.3)

as
N = ——
n ): {.'f,'
1
where Y is the vield that is the number of outgoing reaction products detected. = is

the efficiency. n is the number of deuterons in the C'D, target per unit area. [ is the

—
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| wep,(mg/em?) | Mep,(g/mole) | n (#of D/em?)

L LO4 [ 16.0282 LA [0 ]

Table 6.1: Macroscopic Quantities of the C'D, Target

current of the VC' projectiles. ¢ is the rime duration of the run. and the sum ¥ is

'

over the runs. and the product [] is aver the ditferent efficiencies. such as dead time
4
of the data acquisition system and geometrie etficiencies,

The number of deuterons in the target per cm?. n. was calenlated as

i

<D, .
=\.

6. 1)
W, ks

where <oy, is the target thickness in gr/em?. Mo-p, is the molar mass of the (',
m grams/mole. Ny is the Avogadro’s number in number/mole. and the factor 2 is
because there are two deuterinm atoms in each ('Ds molecule. The values of all these
quantities and the result of n are given in Table 6.1.

The cross section Ao in the laboratory system was calculated for each section
of each detector. that is for each ring of each CD detector and for each strip of
the others. Then the differential cross section do/df) was calculated by dividing
Ao by the appropriate solid angle AQ2 of the part of the detector being considered.
the results are represented in Table 6.2. The differential cross section versus the
scattering angle in the laboratory system is shown in Figure 6.4. The laboratory

angles corresponding to the sections of the detectors were determined as follows.

-
oL
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| Orap | AQap(msr) | & (mb/st) [ Oey | 35 (mb]sr) |

171.30 S.62 0.29 2,74 2,490
170.78 9.10 0.27 2.90 2.69
170.26 9.58 0.16 3.07 1.61
169.75 10.05 0.28 3.23 2.80
16%.23 10.51 u.30 3.0 294
168.72 10.97 0.31 3.56 3.01
168.21 L1.-H 0.23 3.72 2,27
167.70 L1.85 0.20 3.39 1.93
167.19 12.28 0.22 1.05 118
166.69 12.71 0 1.21 2,11
166. 19 13.12 0.16 N [.56
165.69 13.53 0.1 L5 1.39
165.19 13.93 0.10 170 0.93
16-1.6Y 1131 0.10 1.56 1.00
16:1.20 [-1.6Y 0.0 3.02 0.37
163.71 15.06 0.00 3N 0.00
163.93 28.05 0.3 a1 3.19
163.01 29.33 0.32 3.4 24 )
162.10 30.5:1 0.29 a7l 2,68
t61.19 31.69 0.23 6.02 209
160.:30 3278 0.24 6.31 2,02
159.-42 33.30 0.27 6.61 2.1
158.55 3476 0.23 6.90 2.10
157.69 35.65 0.26 .20 2.2¢
156.38-1 36.-48 0.25 .49 2.21
156.00 37.25 0.23 .13 2.02
155.17 37.95 0.21 8.06 1.85
154.35 33.60 0.21 3.35 Ly
153.51 39.18 0.21 3.6 Lin
152.74 39.71 0.21 8.92 L.76
151.96 40.18 0.23 9.20 1.91
| 15L.19 -lﬁ 1 0.23 1—1_8 _ 1.86

Table 6.2: Results for the Differential C'ross section in the Laboratory and Center of
Mass systems.
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CD DETECTOR

Figure 6.2: Geometry of a C'D Detector with the Target

For (') detectors, the laboratory angle corresponding to each ring is the one
between the positive z axis and the midpoint of the ring. as seen in Figure 6.2
The laboratory angle # for a ring can be obtained from

3 S, Drm "'f.ln ]’-:
D 4 (20 — 1)%‘%—‘;%‘* :

tan(180 - 0,) =

T . (6.9)

where. ¢ is the identification (ID) number of the ring. which changes from | to 16.
Di. and D, are the inner and outer diameters of the CD detector. respectively.
Nring is the number of the rings of a CD detector. and L is the separation hetween

the target and the C'D detector.
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STRIP DETECTOR

FARGET

Figure 6.3: Geometry of a Strip Detector with the Target

For the strip detectors. the laboratory angle corresponding to cach strip is again
the one between the midpoint of the strip and the positive : axis. and it was deter-

mined based ou the known angles shown in the Figure L10 and LI as follows

1/2

lan( 130 = &) = tan(b) (—-l—-— + l) ! . (6.6)
' tan={u)

where a and b are the angles shown in Figure 6.3,

As seen in Figure 6.4, there is a discontinuity between the two (D detectors. This
is to be expected from a finite heam spot size and finite angular divergence of the
incident beam. which were not accommodated in the calculation of the cross section.
The outermost few rings of the back ('D detector (which is the more backward
angle detector) will see fewer events corresponding to protons backscattered from
the d('*C.p)'°C reaction than it should. as the innermost rings of the CD detector
closer to the target should will partially block them. This effect is due to the finite

beam spot size. Similarly. some blockage will also result from the beam divergence.

the effect of the incident beam impacting the target from directions other than

Sl
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directly perpendicular to it. Correction can be made for those effects. as will be
discussed below. Finally. though there might be another etfect. i.e.. an offset of the
beam from the cvlindrical (2) axis of svmmetry for the C'D detectors.

[n order to check whether plausible choices of these parameters could produce the
observed effects. we have performed a simple Monte Carlo simulation of the proton
vield with the inclusion of a beam spot size. an angnlar divergence of the incident
beam. and an offset of the beam from the z-axis. We would expect a heam spot
size about 0.7 et FWHM based on the measurement from a scintillator target. and
the incident beam perpendicular to the target with a distribution about | degrees
FWHDML rhat corresponds to maximum incident angles up to =3 degrees based on
the estimate from the geometry of the collimation shit and the rarget.

Assuming the distribution is Gaussian for both finite spot size and angnlar «i-
vergence. an event is simulated by taking « particle with mass that is equal to a ('
nucleus. with energy of the beam. and direction perpendicular to the target. modi-
fied by an amount randomly chosen from a Gaussian distribution. Then. including
the @ value and excitation energy. the reaction kinematics are calculated for the
d(C.p)'"°C reaction in order to obtained the direction and energy of the outgoing
proton. For a zero beam spot size. protons would be scattered from the centre of
the target. i.e., along the z-axis through the centre of the C'D detectors. A random
offset in the r and y directions is chosen from a Gaussian distribution in order to

include the effect of finite beam spot size.
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Figure 6.4: Differential Cross Section versus Scattering Angle in the Laboratory
System
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The resulting proton trajectory is calculated. and if it should be in a direction
which passes through one of the C'D detectors. it is recorded as a hit in the appro-
priate ring. Typically 10° events were simulated in this way for each Monte Carlo
riun. and the resulting angular distribution of the hits compared to the data.

The mean width of the beam spot size and incident (" angle distributions was
set for each Monte Carlo run. the aim being to run the Monte Carlo several times.
cach with ditferent choices of widths. The results from several of the runs are shown
in Figure 6.5. which shows the ratio of the number of protons detected in the run
with a finite beam spot size and incident angnlar divergence to the run with zero
heam spot size and no angnlar divergence versus the (D detector ring [D number.
corresponding to the angle in the Figure 6.1 The run with the choice of 0.7 em
for the bheam spot size. and £3 degrees for the ineident angular width, exhibits a
discontinuity very similar to that of the actual data. as can be scen in Figure 6.5,
Therefore. we redraw Figure 6.4 by dividing the differential cross sections by the
results of the Monte Carlo caleulations in order to compensate for the shadowing of
the back C'D detector by the forward one. Figure 6.6 shows the correction of the
finite beam spot and the angular divergence only. The resulting differential cross
section distribution which includes also the effect of the 0.7 cm offset of the incident
beam from the z-axis is shown in Figure 6.7. However. comparing Figure 6.6 and
Figure 6.7. the offset is seen to have little effect and possibly even increased the

discontinuity. Thus it was set to zero.
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6.2 DWBA Calculation

The DWBA formalism is a well known attempt to describe direct nuclear reactions.
as discussed in Chapter 3. The differential cross section is compared to the theo-
retical DWRA caleulation nrovided by the cafrware DWTCR [I\:lui_:{ i }_ﬂ?!}!!_ which
is a standard computer code often used in such analysis. This reaction description
requires potentials in the entrance and exit channels to characterize the interaction
hetween the two nuclei. so as to produce the distorted waves for the Born approx-
imation calculation. As discussed in Chapter 2 and 3. in terms of the transition

matrix. Ty the cross section is given by

de mgm ke
= = —— |71, (6.7
(JQ) {(2xh)-k, iy | 2
of
fn the DWBA formalism. the transition matrix is approximated by

TIVEY = (\Fos [V]oa}) (6.8)

\: and \ s are the elastic scattering (optical model) wave functions for the entrance
and exit channels. respectively. o; (oy) is the internal wave function of the target
(residual) nucleus in the entrance (exit) channel. and V' is the perturbative interac-
tion potential. The optical model wave functions used by DWUCK:I to characterize
the interaction between the deuteron and '*C nuclei. and between the proton and
'C' nuclei were based on a set of optical parameters obtained from the parameter

systematics of [Perey and Perey (1976)]. These parameters are given in Table 6.3.

(v A
oL
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r('hannel |V (MeV) | rofm) | a,(fm) | IWp(MeV) | rp (fm) |

BC+d .01 1.15 0.81 2.1.06 .34
C4p 39.89 1.25 0.65 13.50 1.25
PC4n 13.20 [.25 0.66

| Channel | ap(fm) | r.(fm) | U, (MeV) | ry(fm) | ay, (fm) |

=T N e R =iy VR i .50 1
.\ T U I_ Led*d [ Y LY | LY P
C+p 0.7 1.25 Il 125 0.7
B +n 6. 1.01 0.75

Table 6.3: Optical parameters used in the DWBA calculation of the " Crd.p) 'C

The optical model potential is defined [Perey and Perey (19761, Kunz (1979] as

follows

T d R o
) Vto ) =—f(u,,) — (W flry) - |Hu‘—jl-!'ul] .
{ r.-"‘rn

ol

'f‘[f'] = i - “..ﬂ-f'u} + (
-

(6.9)

where. 17 s the coulomb potential of a spherical uniform charge distribution of

radius R, = r.. 13, as follows

¥

= 27 _r>R.
r
ZZ'éN (. :
—— (.—‘é_fi’r) (.; — ﬁ'};‘) A = g R,_- . (ﬁ‘lo}

where A is the mass number of the target nucleus. 1" and 11" are the volume at-
tractive real and absorptive imaginary potentials. respectively. 11'p is the absorptive

surface imaginary potential. 175, is the volume spin orbit potential.
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The functions f(.ag). f(rw). f(rp) and f(r,,) are Woods-Saxon form factors with

appropriate radii. r,. and diffusivity parameters. a;. as follows

flr)) = (1 + ™)'

1/

r - ,l i

o= e (G11)
«,

The imaginary absorprive potential can be cither volume (117 2 0. 1 = 0). surface
(=01 # 0). or volume plus surface (117 £ 0.1 2 0).
The possible ./ and L-transfer in the Y C(d.p)'C' reaction are based on . as

diseussed in chapter 2, the following vector selection rules on L and ./

1
Jwer = Jpsee +J = Jy5e + L+ S (6G.12)
and the connection between the parities of the initial and final states
s i g 1. 5 i
Tinee = mwiac (~) (4. 131

The known energy levels of (' are shown in Figure 6.3 [Tilley f al(1993)]. The
spin statistics based on the rules above for the C(d.p)™C reaction gives the possible
L and .J-transfer values as follows:

For the ground state of '°C:

X, e

I; = 1% I =
- L* = +

!p = E lrlb-(- = 0

Thus.
1
L =0 and J=;
90
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For the first excited state of '°(':

Thus.

-t

-

L =2 and .J=

1<

I
< | <t

Based on the all these parameters. the results of the DWBA calculations are
represented in Figure 6.10. The choice of parameters to be nsed is somewhat un-
certain. Therefore. in order to ensure that our caleulations were reasonably robust
to the specilic choice of parameters. we repeated the DWBA calculations for likely
alternative choices. We observed that the resulting angular distributions were not

particularly sensitive to the specific of input parameters.

6.3 Comparison: DWBA Results and Data

[n Figure 6.9. the angular distribution of the differential cross section in the labora-
tory system is compared to that from the DWBA calculation results. The data for
the smaller laboratory angles is coming from the strip detectors. Since. in general.
DWBA calculations are most helievable in the forward angle part of the differential
cross section (in the center of the mass) [Boyd (2000)]. we concentrated on the data
from the C'D detectors. which correspond to the larger laboratory angles and smaller

center of mass angles. [t seems that the dominant states through which the reaction

91
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is proceeding are the excited states of '*C' populated by L = 2 angular momentum
transfer. This is becanse the observed angular distribution is almost flat. consistent
with an agreement of the DWBA calculations for the L = 2 transfer. but inconsistent
with the angular distribution predicted for states populated by L = 0 transfor.

The angular distribution of the ditferential cross section in the laboratory svstem
was converted to the centre of mass svstem (CM) using the kinematics based on the
first excited state. and the result s given in Figure 6.10. The DWBA calculation gives

T

absolute cross section. (—

"5‘)Du'8 . under the assumption that the nuclear structure

change in the reaction follows a model. In our case. (d.p) reaction. the model is

that the transferred neutron enters a single particle state. [f this is not the case. the

experimental cross section. (%) . will be lower than the caleulated one, Then, the
e LB o

cross section can he written as follows

(rfrr) S(dn‘) .10
it - bt 3.
LY. (L1 T—

where. S is the spectroscopie factor. describing the degree to which the wave function
of the " state to which the reaction proceeds looks like a shell model neutron

coupled to the *C ground state.
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CHAPTER 7

Conclusion

The aim of the experiment was to measure states in "C below and just above
the neutron threshold, with the hope of determining the nonresonant and resonant
cross section components of the "((n.+)"C reaction. The states below threshold
could participate in direct {n.%) capture: the " C(dp)*C reaction would provide the
:-;lrt'ngthn' of that process, Those above threshold, if l]:(')' existed. would allow the
Cy )™M capture reaction to proceed resonantly, This reaction governs one of
the branch points in the mass flow from light to heavy elements in Inhomogeneons
Big Bang scenarios. and its reaction rate is an important ingredient for network
calculations needed to predict cosmic abundances. Comparison of the predicted
abundances with measured abundances has the potential to either confirm or rule
out models of the Inhomogeneous Big Bang.

Several states are known in '"C. three of them closely spaced (3.99 Me\'. 1.09
MeV. and .14 MeV) and just below the neutron threshold (-1.25 MeV). The first
known state in °C above threshold is at 6.11 MeV\'. far bevond the astrophysically

relevant excitation energies.
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As mentioned in Chapter 2. the energy of the outgoing proton gives the energy
of the excited state of the residual nucleus. The angular distribution and the po-
larization of the proton give the spin and the parity of the state. and the absolute
magnitude of the cross section allows nieasurement of the spectroscopic factor. or
single particle occupation probability of the state in which the neutron is captured.
Therefore. good energy resolution and good determination of particle trajectories
are crucial.

Due to the beam spot size on the target and close detector geometry, protons
detected at the same coordinates can correspond to quite different scattering angles.
[t is therefore necessary to: (a) track each " particle. and thus determine its
point of impact on the target: (h) determine the coordinates of cach proton hitting a
detector: (¢) calenlate the scattering angle of the proton as a function of the incoming
vector of the (' hitting the target and outgoing vector of the proton leaving the
target and hitting the detector: (d) plot the AL - E for several scattering angles and
isolate the proton groups of interest.

Since the 5300 is a high resolution spectrometer. the AE - E plot was obtained
for the '*C particles. detected by the S300. corresponding the protons detected by the
Si detectors. However. this experiment is the first one with the S800 spectrometer.
and after the experiment. it was found that some devices did not function during
the experiment. especially the detectors that provided beam particle tracking. This

effected both the energy and the position resolutions.
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Nevertheless. we were able to measure a good angular distribution of the differ-
ential cross section. although it may be for several unresolved states. As discussed in
Chapter 6. it seems that the dominant states through which the reaction is proceed-
ing are the excited states of '"C populated by L = 2 angular momentum transfer.
There may also be a contribution from the L = 0 transfer. but the resolution is
not good cnough to separate the states. In order to check our sensitivity to this
contribution. we compared the DWBA calculations for the L = 0 transfer and the
L = 2 transfer as follows, For each angle at which data exist. some percentage of
the differential cross section for the L = 0 transfer was added to that for the L =2
transfer. and then the resultant distribution scaled to the experimental results, The
range of the L = 0 pereentage lies from [ to 9. The results for 1 and 90 percent
contribution of the L = 0 transfer are represented in Figure 7.1 and Figure 7.2,
respectively. There is little ditference between the two results, This leads to the
conclusion that any contribution from a state populated by a L = 0 transfer wonld
have an unobservable etlect on the observed vield. This is due to two factors. one
being the poor experimental resolution. and the other being the intrinsic dominance
of the reaction vield by L = 2 transfer. as shown by the DWBA results. Thus. the
contribution of any state populated by a L = 0 transfer cannot be determined from
our results. Excited states potentially populated by L = 0 transfer. through which
resonant scattering could occur. would be expected to dominate the astrophysical

reaction rate for '*C'(n.5)'"C reaction.
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Figure 7.1: Result for 1% contribution of the £ = 0 transfer 1o the L = 2 transfer,

(SR

{hat,

Figure 7.2: Result for 90% contribution of the L = 0 transfer to the L = 2 transfer.
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Appendix A

An Inverse Transfer Map

This appendix lists all of the inverse mayp coefficients used to reconstruct energy and
scattering angle. The recoustructed coeflicients are 8,0 y,. o, and § on the target are
as a function of ry. ;. yy. and oy tn the focal plane. The o is the reconstructed

fractional enerav. & = (£ — Ey)/ Ey.

100
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COEFFICIENT | ORDER rp b yy | Of ]
l 0.1736130:354923927TE-01 ] l 01010
2 29525310 IR468597 1 Dl1L]of]o
3 - 12606055991 5310 LE-01 2 21701010
1 0. [980-45-4R3-E3109-4 i) L O] o
2 G.8 12 1305054920712 -0t ) 0 27000
6 0. 1527812184232 183 E-01 2 IR ERE
T - 1199131357 886432 gy 0|01l |
R 0.9367 106031237 1-1-LE-01 2 ololol?2
9 0.:35:3397639468-1 T LE-02 3 3107010
L0 - A3T1HR2097 162 120E-01 3 2011010
Ll 0.2622676 111252791 3 1 200100
12 5.7 1051038 1) 3GRRS 3 037010
13 (.370565993-112 161 E-01 3 Lty 210
L 6.6TTNT 1233873632 3 OjL]210
13 0.:32305965592 1 283 3 Ltoj1 ]l
L6 35797 IR 133312940 3 Oyt
h 123 INTI056:320528 3 Llalog2
1N 22 GRD2N6T2TUGTL IS 3 DL lol 2
[Y - 160224038048 1473 E-02 | Lo 010

2 0.243243937089 1 18 1E-01 1 317110170
s =337 116353856:3821L -4 21210700
) 6.706267212255762 | Ll3]07]0
23 2.9511351586-108-11 4 o]l+]01loO
21 - 1216180949:3367356 N 2001210
25 3.422381676739932 ot 1 L | 210
26 27.52762220110116 4 ol271210
27 0. 10-42:4620-49836650 B! 010 +]0
25 0.31290098097-13262E-01 | 21011 l
29 -1.23703969843721 L 1 LlL] 1]
30 -1-19.53067 76260850 4 01211 l
31 -1 13153629267 14324 4 grtof{311
32 0.31453787 14905080 4 210010 2

Table A.l: S800 Spectrograph inverse map for the d(*C.p)"*C' Run 250: 8; coeffi-
cients. | through 32

L0L
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| COEFE.# COEFFICIENT ORDER [ x; [0, [y, | of
33 3.356730525990590 1 LTL]o]?2
3 57.60324915900870 1 0202
35 1.953080-419092-4171 1 bjof2]2
36 -22 30842064 163110 1 ojo]1l]3
D 1 505000 | TERERE
38 10.3129281193939573E-03 5 570700
39 - LGT909292585238. 1 E-01 3 INENENE
10 0. 4312201884767 721 7 3[2J0]0
11 -5.1578295850.45262 3 213700
12 13.93601053512397 5 L{t]o]o
13 -168.2935367 100181 5 0l51T07]0
41 0908301836070 1317E-01 5 3Toj210
15 249976391 1051796 3 AEBERE
16 - 9GYTST BN32E258 3 L2272 {8
i -2V LBUSLT699T 1299 3 h 31230

R 221162943507 1556 3 Lol 1r]o]

I -110.237559976349-48 5 INEREREE
50 - 2363 170159951431 3 3ol
51 7.8069955591 15712 3 2L 0]
52 10N, 1019830503152 5 HEIE
53 S08.4 165178299566 5 THEREEN
544 172815213731 3306 5 L0311
5% 1231.055326725062 3 0t ]3]
56 0.2455117622263393E-01 3 3oJof2
57 -3.220268099903207 5 2[1]01]2
53 -86.7353-1920979262 5 L[2]0]2
59 -822.0917226:36-1035 5 0302
60 101.6212221513660 5 HIERERE
61 -7412.967330-160020 5 ofr]2j]>2
62 -21-1.6360710703337 5 WERNE
63 18221.74004356613 5 of1]1]3
64 -6.53002053 715936 5 L{ofo]
65 | -6277.057597190409 5 0] L][o]+]

Table A.2: §; coefficients. 33 through 65

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[ COEFF.# COEFFICIENT ORDER [« [0, [ys [ o/ |
| -. 192029507 148821 1 L oJol1rfo
2 0. 734789 1249331041 L ofofojl
3 -. 103312905606 7531 2 Lfoftrjo
4 =.22035676 1 1893739 B 2 10 L L 1D
5 - 132UR48207660370E-01 | 2 1o o]l
6 - 1853702323301030 2 THERERE
7 0.126332701 2168 133E-01 3 2(0(1L]0
3 -.23950927 I8T90-198 3 L]0
9 L1097 10603003716 3 0 (2] 1]0]
L0 2. 727704598278 731 3 0Jo[3]0
Ll -3640297TT624TTITE-02 3 207071
12 - TTT9900951805825 | 3 HERERE
13 -5.7 123814025 15837 3 0l 270]1
|1 29115759157 1665 3 0Jo0f2T1

|15 -41.08 100016736311 3 BN ER

' It LO1.20270276649039 3 07003,
17 - 19410685 160617 T93E-01 1 3lol1rio]
L8 0582316705 7312488 ! . | l 0 ]
19 -9.092347055445552 1 L2711 0]
20 -19.19315131776759 ; 03170
2] -LATLITIH1657T 153945 1 L[o[3]0
2 - 18.3482206563382 1 1 ClL 3]0
23 0.71567 7112820130 1 E-01 1 31o0l0]1
21 - 13657-15669326-432E-01 1 271 o1
25 2161363263007 90 1 L2701
26 109. 4616522196107 1 0301
27 LL.91115576036036 1 LTo]2]1
23 1-45.6105031325150 1 0jL][2]1
29 -51.73023950073779 1 Ljoj1]2
30 -260.6223316771000 1 oftf1]>2
31 109.6660255756332 1 Lfofo]3
32 275.78575 141788462 I o[t]o]3

Table A.3: y; Coefficients. 1 through :
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[COEFT.#

COEFFICIENT

TORDER | ¢, | 0;

yr | o5

33 0.10819371677687Y0E-01 5) 1101110
3 - ATT9H995 158799 LT B 311 L 10
35 6. 1 T6-1888:35723560 3 2 132]148
36 -3.6-19N326:3388365 1 B L3110
37 207.7295966071 128 3 0 L0
Eh L-EHE3T 1553315159 B 21013410
39 -6.7-19522037626 1910 b l L 3]0
10 296.6572001361229 5 012130
H 523339007 7883127 5 D015 7]0
12 -.2250566000609 197 E-01 5 b0l ol
3 0.3727363885 10-4378 ) 3101101
3} ~-i.l!)-i[iUl¢.!.!l] 20233 9 2208 1
A3 -111.6252779998085 3 L |3]10 1
16 -69.5 19T TTOLTE2 5] 04,01
i -NAGTTS 053966697 ) 210121
IS - 138N HI06206-139 ¥ L L2 1
49 -1362.83105932796-13 3 g |24 2] 4
) -6-1-1.3286-12. 1339865 3 00| 1l
al [L36SINGSS HL6L3 5 ZE0 k42
32 -185. 66615364257 b) L L 2
93 655 1.786630883-1-13 5! 012112
o _’_’3 128916287 519 3 0|03 ]2
29 7.2:4439163058-430 3 2101013
26 520.23337145223363 5] l 1103
51] -12637.1052607 1536 3 0 {21013
33 56.08873162572385- ) 01023
39 ~10407.94275396 144 3 (U I I O O
60 66121.2-L475967 788 3 0 {005

Table A.4: y; Coefficients. 33 through 60
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COEFFICIENT

ORDER

| COEFF.# [ rp | 0p | yr | o
l -1.316253135795306 L 0/(0|1;0
2 = 170971 1799982999 L 0]0|0jf1
3 0. 1345408763109 12 2 Lo 1}O0
| 3.0904775052-L 1190 2 ) L1110
3 - A13639805-17353315 2 Lo |0} 1
t -1 L3626 60366206 2 0] [ U] l
T - 1517351021597839 3 20010
N 022957626711 14112 3 | L |0
9 -3.-156360366208315 p 0 2 l 0
] -0.3830:39- 198791230 3 010340
L1 (0.530023205765 1016 3 2007011
12 FAOL3AT6 1178531 3 L L1011
13 N.0913506703-126-14 3 0| 270]1
[ IS.R961961639576 3 0 1021
5} -735.33610289275:0 1 3 ) I Y S I
L6 16-03.6906362-135215 3 07003
i 0.39-L467297566 100-H-01 1 3100011010
I S 0-R3TOR33221067 1 2 L L |0
19 TO3326923 17501412 l i 201010

20 16395 10897706597 l [ e O O A
21 [LO5T196Y97A6TTLT | Lo 1310
22 -1 IO L9007 7336581 l 0 L1310
23 -, 13 137-1901606-1569 1 3101071
21 -1.560781871706332 4 201101
25 -6.36 1983293173314 4 1121011
E -07T.87276-125701506 1 031071
27 -23.35828845-122177 1 Lo 211
28 272.6781007736152 4 011211
29 156.03558799:392 1 4 L1012
30 -1345.608231268372 4 0|1 |1]2
31 -366.65-155-13-1 L3910 4 L1003
32 623.3680:3 1836321 4 0] 1|03

Table A.5: o; Coefficients. | through :
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[ COEFF.# ]

COEFFICIENT

33 - L058)8603568502 L E-01 3 Lo tL]o
31 0.365512362096 7058 3 3010
EE 17393844 15006927 5 202010
36 L.701915637 36-1330 3 L{3]L]0
7 1931197367 115380 3 NN
N -2.0:1697 7213666360 5 2001340
39 12. 7108525866 7377 5 LT ]3]0
| 10 -327.39-H0393577 L7 3 6|l2[3]0
L LT ATISGTATILOS 5 TRERERER
2 0.3-19701 723737 TASHE-02 3 Lfoloj 1!
13 0.2989830219576706E-01 5 3o,
X T.03112732683.1009 5 IR
15 1 I0LIGIN2R9603165 5 HIEEEREE
16§ LTNTITH 251837 3 RSN
1T 1 26.80396757581770 3 ENEREN
IS | -1LL653619536T163 3 L[ 2]1 |
19 | 1513.943055814273 5 V27211
50 3650.68907 1006173 3 010 b1
51 - 138, 1833503282684 3 201 ]2
52 GST.SL1T13027 1046 3 ENE
53 -5212.266 783518987 5 0j2[1]2
54 -2043.926-10472157 5 0jJo|[3]2
55 275.9338763336263 5 270[0] 3
56 -310.3170460892937 5 HENERE
5T 10365.-13067 109001 5 0]2[0]3
53 257453.7203719560 5 0jJoj2]3
59 -825024.4352411 1738 5 0o L]
60 L111583.494821 192 5 0jojo}s
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I COEFF.# COEFFICIENT |__0R DER | «¢ [ 0f | ys
f 1 0.2087931918239532 | | LTOl0
2 -.2559906399-12062 L E-011 L 0 | 0
3 0.1621127796573235E-01 2 210710

| 0. L8I8-63060-475 1979 2 [ 1 L |0
3 0.55937945079555x1 2 0210
6 0.94308726-12-1730-43E-01 2 0O (02
T -1633616-1000399 16 2 0] 011
N 1. 1603393 10396339 3 0100
0 0.181283753-1720827E-02 3 3700
10 29760004079 196003 E-01 3 i 110
I 0.247925-154864 7792 3 L {210
12 S3821035835 1621344 3 0370
13 0.65947 1053967 1952E-01 3 Lol ?2
! =3.396869527 T2 764 3 ) [ 2
15 — LISSTIST6 1604861 E-01 3T 1107l
L6 2 5198TOS39-63-4191 % T o017l
i = 967259984 70357 TE-01 3 L olo
B = 2503254930347 10T 3 L0 L]0
1Y -.631620588228-125.1E-03 TEERERE
20 0. 17545355565 73836 E-01 4 P33 [ ()
21 = 1022553876630393 | 209210
2 Lr-1636730701 12341 4 L1310
23 -2.06501-4300822379 | 01410
24 -.67-430157057-1000E-01 | BEIE
25 24201 79709-453300 1 HERE
26 10.35:480395673510 -4 0122
27 0.3212037237183579 4 010¢§ 1
23 - 1625020337 T-19372E-01 4 217011
29 -2.930327723295507 4 l l l
30 -13.76306606999385 | 01211
31 -3.63146547 1541462 4 01013
32 0.2357551813130810 4 210710

Table A.7: §; Coefficients. | through 32
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COEFF.# COEFFICIENT ORDER | ry [ 07| ys | oy ]
33 L.67-1075146319933 1 | T O A I .
R 29,9269-43526:37009 4 012102
35 38.13103091224152 1 0|lo}j2]2
36 -109.935437306 7360 4 01011 3
5 ST.A2T6Y86339768 4 0:0:0,
Bh 0.2500539636277098E-03 J a1 0100
34 - 13192:39225224656E-01 5 4 1L | 0] 0
10 0.3742573-173306:363 5 321010
1l ~1262350668282729 3 21031010
12 1-E45363T390 1581 | 5! l L1010
3 -09.0706251 1308607 D 0151010
8] 0.53821811252377521E-01 3 3ol 210
5 LTS THITHART1Y0 5 211 {240
16 [.R6YS2ISI32 LG 3 L|2121]0
7 -L3836069 19125615 5 0 |3}12]0
IS 1.05825492372.10665-1 3 1 0410
19 -67.95073250307 712 3 0[]0
50 1260200 123207717 3 310711 |
51 £.326T01509082688 35 21111}t
32 G-LOGSR0251100 155 3 HEEENEN
53 171.3535 160939879 3 0O ]3]1]1
iz -3.9-40363239655950:1 3 1 013 L
35 6G02.1-11-14583-13033 ) 11311
36 - H-10836666 183531 LE-02 5] 310107 2
37 -1.5939:4300533086 1 3 29114107 2
Bh -31.3177543928163-1 3 L {2101} 2
39 -372.3077536197112 5) 01310 2
60 59.259-13731076722 5} L0} 2]2
61 -3723.022051736396 3 oj1}2]2
62 -155.0035926351115 3 L {0 L3
63 9365.7779018-1241H B} 0 l L1 3
6-1 16.9570-1879872928 5 L1000}t
65 -3435.733308957916 5) ojrjog+4
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